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Abstract: Government of Jakarta has struggled to mitigate the traffic congestion by implementing the odd-even 

policy. This policy has restricted some roads for vehicles to pass in Jakarta in a certain time and this 

policy needs to be studied further for its impact on distance and time, especially for private companies. 

The research was conducted in private sectors which its warehouse located in Tangerang and its 

customers spread in Jakarta, Bogor, Depok, Tangerang and Bekasi. The study focuses on 49 routes 

that every route had some customers’ location. The sequence for every route was determined if had a 
shortest distance and/or fastest time with the help of optimoroute software. Then, every route was 

processed by Google Maps both in normal condition and odd-even policy’s condition in order to get 
the distance and travel time. The results indicated that around 44.89% of routes have further distance 

and 16.55% have longer time, these results mean costlier for private companies since odd-even policy 

has been implemented. The study also compared two alternatives between maintaining current 

condition and switching to rent a vehicle with third party logistics, the result indicated that 

maintaining current condition alternative was still beneficial than switching to rent a vehicle 

alternative. 
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I. INTRODUCTION 

Congestion in developing countries such as 

Indonesia is associated with limited road 

infrastructure and lack of traffic management 

resources. There are many causes of traffic 

congestion such as subsequent increase in private 

vehicle ownership [1], the state of the roads and 

driving habits, insufficient information available on 

traffic condition, and institutional problems [2], 

wrong parking, disobedience to traffic rules (human 

factors) [3].  

Table 1 showed us that number of motor vehicle 

has been increasing around five percent every year 

for all types: passenger car, bus, truck, and 

motorcycle [4], apart from year 2020. During the 

year 2020, the increment of motor vehicle was 

around two percent, this was because of pandemic 

era. This increment made road more congested, 

because the average increment of road length was 

relatively near zero percent in Jakarta and Banten. 

Congestion can cause unpredictable journey times, 

stress, or anger (psychological discomfort), wasting 

fuel, tiredness, being late for appointment [5]. 

Congestion could be eased by prohibiting a portion 

of the existing fleet of vehicle from circulating 

without infringing on the right to buy vehicles. 

There were some steps that Indonesian 

government has already implemented, such as three-

in-one policy which was revoked in 2016 because of 

car jockey practices [6], U-turn reduction, increasing 

number of public transportation such as busway, and 

odd-even policy which allows odd number plate pass 

the roads on odd date and even number plate pass the 

road on even date, specifically 4-wheeled vehicles 

[7]. 
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Table 1. Number of motor vehicle 2018 to 2022 [8] 

 

 

Government of Jakarta, capital city of Indonesia 

has implemented the odd-even policy in 2019 to 

mitigate congestion, air pollution that caused by road 

traffic [9], and density of road [10]. From the 

perspective of private sector, this policy restricted 

the shipment activities, because the vehicle could not 

be operated from Monday to Friday on a certain 

time, 06 to 10 WIB and 16 to 21 WIB, except for 

vehicle with sticker of disability, ambulance, fire 

fighter vehicle, public transportation with yellow 

plate, motorcycle, electric vehicle, fuel truck, 

vehicles of high ranking state officials, etc., therefore 

there was an interruption for shipping the customer’s 
order and an organization had to deal with it. There 

were some solutions to deal with this time 

restriction. The first one was dealing with current 

condition by using existing vehicle. If the vehicle 

plate number was different with date, then the route 

must be changed in order to avoid the restricted roads 

which the distance of route and time needed may be 

longer. Longer time may cause driver work 

overtime. In this case, we had to calculate the 

variance between cost that incurred during and 

outside odd-even operating hours, and the lowest 

cost will be chosen. The second one, the organization 

would replace all private vehicles with public 

vehicles that have yellow plate number, in other 

words, the organization had to rent vehicles to third 

party logistics. In this option, there would be a rental 

cost per month that organization had to pay.  The 

third one was to buy additional vehicles with even or 

odd number of plate. Consequently, there would be 

idler vehicles and the organization did not plan to 

expand its business now because the average 

capacity of vehicle used was around 70%. Therefore, 

the third option was not being considered.  Things to 

note, the organization did not consider buying the 

new vehicle, because private organizations could not 

determine the odd or even number of vehicle plate. 

The first and the second solution would be studied 

further in this research.  

The aim of this research was to study the impact of 

odd-even policy implementation on distance, time 

and cost that incurred in private sector. The study of 

travel distance and time would be taken from 

warehouse as a starting point that was located in 

Tangerang to its customers that located in Jakarta, 

Bogor, Depok, Tangerang, Bekasi (Jabodetabek) by 

using OptimoRoute software and Google Maps. 

II. MATERIALS AND METHODS 

1. DISTANCE AND TIME VARIANCE 

Google Maps as an online map service was used to 

calculate the distance of route for both car and public 

transport [11]. There were two conditions that we 

had to know: 

a. The distance and time needed during odd even 

operating hours which vehicle can only go 

through on the restricted roads.  

b. The distance and time needed that out of odd 

even operating hours which vehicle can go 

through on all roads or called unrestricted 

roads. 

The distance variance between these two 

conditions were converted to cost. The formulae are 

similar to seen at Ruth et al [12]. 
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Fuel cost = Fuel price x distance variance x 

consumption rate  (1) 

where: 

Consumption rate = Litre per kilometre 

Distance variance = Kilometre 

Price of fuel = EUR 0.41 per litre (subsidized solar), 

this was the price as of September 1st, 2023. 

 

The distance of route followed the concept of 

travelling salesman problem (TSP) which the goal is 

to find the shortest distance by visiting all cities 

(locations of customers) and returning to the starting 

point [13], and the starting point will be the same 

with the ending point, in other words, the vehicle 

started from warehouse, shipping goods to 

customer’s destinations and returned to warehouse 

again. The distance was not symmetric (asymmetric) 

because the route followed the real distance from 

Google maps.  

The time variance between these two conditions 

were also converted to cost that we called labor cost. 

 

Labor cost = Labor rate x time variance (2) 

 

where: 

Labor rate = EUR per hour, which minimum wage 

in Tangerang, Banten was EUR 274.6 per month. 

Time variance = hour(s) 

 

Total cost = Fuel cost + Labor cost (3) 

 

Other factors that may influence time variance are 

parking, pedestrian crossing, turn like U-turn, all of 

these are common conditions [14] in Jakarta. 

 

2. ECONOMIC ANALYSIS: RENT VS DO 

NOTHING 

In this research, the organization had two 

alternatives, one was rent a yellow plate vehicle from 

third party logistics (3PL) company and another one 

was do nothing. Do nothing alternative means, the 

organization has to avoid odd-even roads and may 

get a longer distance or/and longer time when 

shipping goods to customers. The factors that may 

contribute to a longer distance and time could be a 

slower speed in a narrower road, further road, traffic 

congestion, and unfamiliar knowledge of driver. 

These two alternatives would be compared, and the 

organization would choose the lowest cost. Fig. 1 

shows the framework of research. 

 

Start

Data collection:

A. Warehouse s location

B. Customers  locations

C. Route sequence for the past three months

 Input the route sequence of customers into the Google Maps:

A. Get the route length in KM and time in hour or minute that 

a vehicle can go through; in other words: the road is not 

restricted to odd-even policy

B. Get the route length in KM and time in hour or minute that a 

vehicle has to search alternative roads; in other words: the road 

is restricted to odd-even policy

Calculate the variance of length and time between A and B

Economic Analysis:

Convert the variance into cost which:

A. Length (KM) x price of fuel (IDR/L) x consumption rate (L/KM)

B. Time (hour) x standard wage (IDR per hour)

Is the variance of cost 

lower than  Rent  

No need to rent

Rent to 

3PL
N

Y

End

Do  the optimization and the sequence of route with 

OptimoRoute software

 
Figure 1. Framework of Research 

 

3. DATA AND ASSUMPTION FOR THIS 

RESEARCH 

There were some data needed for optimoroute 

software, and this data must be prepared: 

a. Customer and warehouse’s location, a 
detail address. The objective was to get 

accurate location, so this accurate location 

would produce accurate distance. 

b. Location name, in this section, one can 

choose customer’s shop or customer name. 

c. Number of drivers who would deliver the 

products to customer’s location, this helped 

route planner get a group of locations of 

customers that had to be delivered for one 

vehicle. 

Some data were needed for further analysis: 

a. Monthly wage of driver 

b. Current price of fuel 

c. Toll road cost that passed when delivery 

d. Current rental cost 

There were some calculations in this research that 

based on these assumptions: 

a. Average working hours per day is 8 hours 

and there are 5 working days per week. 

b. The amount of working hours per month = 

52 weeks per year x 40 working hours per 

week: 12 months = 173 hours. 
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c. The wage rate per hour = EUR 1.59 

These assumptions based on Labor Laws, Undang–
Undang Ketenagakerjaan nomor 13 tahun 2003. 

The starting point was from warehouse and the route 

was ended in warehouse. Before using the Google 

Maps, the sequence of customer’s locations in one 

route was determined by the software OptimoRoute.  

 

4. OptimoRoute SOFTWARE  

OptimoRoute is regarded as one of the suitable 

software for solving vehicle routing problem and 

mobile workforce that has following advantages: 

high ease of use, the clarity with which solutions are 

shown, both graphically and analytically, through 

the use of colours and the sense of the streets, and 

the high amount of data from the different routes 

illustrated in the solutions (Fig. 2). OptimoRoute is 

a routing optimization software, created in 2012 in 

the United States, used by multiple companies from 

different business sectors around the world [15, 16]. 

 

 
Figure 2. Planning & Optimizing Routes by 

optimoroute software 

III. DATA ANALYSIS AND RESULTS 

The shipment data for this research was collected for 

three months from July to September 2023, working 

days, Monday to Friday started from 08:30 to 17:30. 

The average routes were 49 per months and available 

during observation, all routes started from 

warehouse, Jatiuwung, Tangerang and at the end, 

returned to warehouse, Tangerang. Here are the 

customer’s data: 8 in Tangerang, 61 in Jakarta, 

included expedition, 5 in Depok, 4 in Bekasi, and 1 

in Bogor. This following Table 2 showed us that 

there were two effects emerged when odd-even 

policy was implemented, further distance and longer 

travel time. Further distance means the odd-even 

policy has made a driver search and pass through 

unrestricted roads, further distance also means more 

fuel was consumed. Longer time means the odd-even 

policy has made a driver pass through unrestricted 

roads, but the velocity could not exceed 40 KM per 

hour. Longer time means there was an additional 

time for driver to work. 

 

Table 2. The impact of odd-even policy on distance 

and time 

 Routes Value 

Further distance 22 137.5 KM 

Longer time 8 5h 7m 0s 

 

Fig. 3 was the example when odd-even policy 

implemented then further distance happened, even 

only a little bit. 

 

 
a) 

 
b) 

Figure 3. The odd-even a) policy implemented 

b) policy not implemented 

 

1. Routes – Further distance 
The impact of odd-even policy could make the route 

further because some roads were restricted by odd-

even policy, then driver had to look for and took 

another road. From 49 routes per month, there were 

22 routes (44.89%) had further distance, the total 

was 137.5 Kilometre. Average Kilometre per Litre 

was 5.8, and fuel price was EUR 0.41 per little. The 

fuel was solar that subsidized by government, then 

the cost incurred per month that caused by odd-even 

policy: 

 137.5 𝐾𝑀5.8 𝐾𝑀/𝐿 𝑥𝐸𝑈𝑅 0.41𝐿 = 𝐸𝑈𝑅 9.71/𝑚𝑜𝑛𝑡ℎ 

 

2. Routes – Longer time 

The impact of odd-even policy also made the travel 

time longer. Longer time was caused by narrower 

road so that a driver could not drive a vehicle more 

than 40 KM per hour and driver had to look for the 

unrestricted roads at the time. Other factor was 

further distance. From 49 routes, there were 8 routes 

(16.33%) had longer time, the total were 5 hours 7 

minutes, then it would cost: 

 

5.12 hours x EUR 1.59 per hour = EUR 8.14 per 

month 
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Then, total cost incurred per month by the odd-even 

policy = EUR (9.71 + 8.14) = EUR 17.85 per month 

 

3. Comparison between Rent vs Current 

Condition 

It was important to compare the total cost between 

current condition and rent a vehicle. 

 

Table 3. Cost comparison 

 Average cost (EUR) per 

month 

Current condition:  

- Cost incurred by odd-

even policy 

17.85 

- Fuel cost 600 Litre 244.30 

- Wage of driver  274.60 

- Holiday allow. + 

overtime 

35.90 

- Toll road cost 5.98 

-  Maintenance cost 29.90 

-  Administrative cost 11.98 

-  Insurance cost 20.97 

Total cost 631.77 

  

Rent a vehicle with 

3PL 

1,197.60 

 

Table 3 indicated that cost for current condition was 

still cheaper than rent a vehicle, so that the private 

companies does not need to switch to vehicle rental 

and drop the current vehicles. The organization 

could save about EUR 565.83 per month. 

In this study, it is obvious that, the odd-even policy 

implementation in Jakarta city had not a big impact 

on distance and time when delivered finished goods 

from Tangerang to its customers in Jabodetabek, the 

reasons were: 

- There were customers’ locations that could 

be delivered by taking the toll road and 

were not restricted by odd-even policy: 

North Jakarta such as Sunter, Kelapa 

Gading, Ancol; Tapos, Depok; Tangerang 

areas; Bogor. 

- Delivered at outside of odd-even hour 

limits, from 10 to 16.  

 

4. Discussion and Future Research 

In this study, there was still some aspects that a 

researcher can do in the future. Government of 

Jakarta has planned to implement Electronic Road 

Pricing (ERP). ERP was viewed as a tool to restrict 

motor vehicle by electronic system at certain roads 

and certain time. From this, one can further compare 

some options: do nothing versus ERP. One can also 

do the research about the factor that influence most 

on driving time, whether length of road, route, 

parking, pedestrian crossing, or may be turn like U-

turn.  

IV. CONCLUSIONS 

The odd-even policy had an impact on travel 

distance and time. There were around 44.89% of 

routes that had further distance and around 16.33% 

had longer time. The total cost at current condition, 

do nothing on odd-even policy saved EUR 565.83 

than rent a vehicle at 3PL, it was still beneficial for 

the company to maintain current condition than to 

switch to rent a vehicle from third party logistics 

(3PL). In the future, one can do research about 

benefit and limitations of Electronic Road Pricing 

(ERP). 
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Abstract: In current hectic times, people should be able to slow down and diversify their free time. Therefore, 

the contribution of the amusement industry should not be negligible but, on the contrary, should be 

seen as something where whole families can seek respite from ordinary worries and problems. For 

this reason, the presented paper was written, which represents an intermediate step in the design of an 

amusement facility suitable for amusement parks that respects the normative requirements. Technical 

standardization represents a set of rules, characterizations, guidelines, and results of activities 

necessary for mutual understanding when solving technical problems in production. Adherence to 

standards is essential when launching a product on the market. The main standard indicating the full 

functioning of an amusement device is STN EN 13814. Its analysis and the resulting technical 

specifications of the proposed equipment are the chief objectives of the paper. 

Keywords: Amusement ride; Design; CAD (Computer-Aided Design) model; Standards; Specifications 

 

I. INTRODUCTION 

The object of standard STN EN 13814-1 and ISO 

17842-1 standard is to specify the minimum 

requirements necessary to ensure the safe design, 

calculation, manufacture, assembly, maintenance, 

operation, inspections, and testing of mobile, 

temporary or permanently installed machinery and 

structures such as roundabouts, swings, flat rides, 

Ferris wheels, roller coasters and other amusement 

handling machines [1,2]. The mentioned devices 

must be intended for repeated installation without 

damage to the features or loss of integrity in 

temporarily or permanently operated amusement 

parks, funfairs, and any other places suitable for use. 

The basic design rule is the safety of the occupants. 

Thus, the permissible gravity accelerations resulting 

from the standard must be considered at first [3,4]. 

The standard STN EN 13814 prescribes that the 

acceleration due to gravity acting on passengers 

must not exceed 6g. The reference point for the 

calculated and measured accelerations is 60 cm 

above the seat level. The maximum deceleration 

must not exceed 0.7g for emergency brakes and 0.5g 

for normal stopping brakes. The dimensions of seats 

and gondolas are designed with regard to the forces 

from self-weight, adverse loads and motion. 

As stated in STN EN 13814, all seats of 

amusement rides must be equipped with the 

necessary spine supports at least 0.4 m high. 

Moreover, the seat surface must have an appropriate 

slope towards the spine support. For the sake of the 

safety of passengers, seats fixed next to each other 

on the gondola should be designed in order that the 

minimum seat outline distance is 0.5 m. A safety 

factor of γ = 6 (-) is required in the dimensioning and 

designing of the seats [2,4]. On the basis of the 

acceleration acting on the occupants, we can design 

 

Figure 1. Areas of application of restraint devices [3] 
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suitable restraint devices to ensure sufficient 

restraint and safety in the course of the ride (Fig. 1). 

Minimum requirements: 

 Area 1 – no restraint devices are required; 

 Area 2 – restraint for two or more passengers, 

manual device, optional backup, with non-

adjustable restraint position; 

 Area 3 – restraint for two or more occupants, 

manual restraint manipulated by operator or 

attendant, individually with adjustable restraint 

position; 

 Area 4 – individual device for each passenger, 

automatically restrained in the operating 

position, individually with adjustable restraint 

position; 

 Area 5 – individual device for each passenger, 

automatic restraining in operating position with 

check of restraint, unlocking by means of central 

system, with warning signal (light or sound), 

functional restraining required [2,16]. 

Motorized restraint devices can create additional 

hazards. Therefore, their movement must be 

sufficiently decelerated, and the maximum force 

measured at the edge of contact of the device must 

not exceed 150 N. Before restraint is initiated, 

electrically controlled restraint devices are equipped 

with a safety light system or an audible safety system 

to warn that the restraint is fully operational; thus, 

riding can commence [13-15;17]. 

II. PROPOSED AMUSEMENT RIDE 

The authors decided to develop the amusement 

device with a changeable tilt of raising (arm raises 

horizontal platform) during rotation (Fig. 2). 

Passengers are seated in gondolas that are fixed to 

a steel structure.  The wheel is spun through an 

electric motor, which is mounted on top of the main 

beam. The motor spins the structure by means of a 

gear train, where a pinion is the driving member and 

a large gear wheel attached to the structure mounting 

is the driven member. The entire structure is erected 

by means of hydraulic system and a 90˚ change in 

the position of the device is achieved. The process of 

lifting occurs only at a condition where the wheel 

reaches a maximum rotational speed of 14 rpm. The 

passengers experience a maximum gravitational 

acceleration of approximately 2.2g. The achieved 

wheel rotational speed ensures that the gondolas can 

be deflected by up to 53˚ after reaching the 
maximum speed before lifting begins. 

Passengers must be secured with a restraining 

device in the course of riding, inasmuch as during 

lifting can occur a state when passengers going 

upside down. Due to the fact that the attraction is 

fully demountable, the operator is able to transport it 

between amusement parks or between smaller 

festivals where the amusement equipment is present. 

The mentioned amusement ride can be classified as 

a classic family amusement ride [9-12]. 

The primary assumption when designing the 

model of this handling device was that the wheel 

should rotate clockwise with a speed of nk = 14 rpm. 

Analytical calculations are performed with regard to 

the maximum weight from passengers mPmax = 3600 

kg. In terms of determining other specifications, it 

was necessary to choose for what number of 

passengers the attraction will be designed, and the 

required components that are essential for the proper 

operation and safe functioning of the attraction [5-7]. 

The other selected units will be designed using 

analytical calculations or software [18,19]. The chief 

specifications describing the equipment are divided 

into three groups: 

1. Specifications intended for passengers; 

2. Specifications intended for the operator; 

3. Special specifications. 

Passenger specifications should be displayed at 

each amusement ride on an information board for the 

reason that passengers can familiarise themselves 

with the type of operation or ride parameters before 

riding [6,14]. The selected parameters are: 

 the number of passengers that the attraction 

carries in one ride – np = 36 (-); 

 rotational speed of the wheel – nk = 14 rpm; 

 period of acceleration – tr = 17 s; 

 time of lifting to vertical position – tz = 30 s; 

 time of a ride – tj = 2 min; 

 age or height restrictions (persons must be older 

than 8 years and taller than 135 cm, restrictions 

must be met simultaneously); 

 electric passenger restraint with additional 

manual restraint. 

In addition to the above specifications, we specify 

additional specifications that must be known by the 

operator for proper care of the attraction, installation 

or dismantling: 

1. number of gondolas – ng = 18 (-); 

2. number of trusses (truss construction) – nl = 18 (-); 

3. motor power – Pm = 90 kW; 

 

Figure 2. Proposed amusement device with 

changeable tilt in the course of lifting 



D. Molnár et al. – Acta Technica Jaurinensis, Vol. 17, No. 2, pp. 65-74, 2024 

67 

4. number of cylinders in the telescopic hydraulic 

system – nv = 3 (-); 

5. the pressure applied to the telescopic system – p 

= 35 MPa; 

6. extension of the telescopic system – hcp = 4.8 m; 

7. total length of the telescopic system – hct = 6.96 

m; 

8. the area required for the installation of the device 

– S = 250 m2. 

The maximum number of starts is proposed only 

as an indicative value, which should not exceed 200 

starts per day. Thus, the total time of operation per 

day (7 hours) with breaks during boarding or 

disembarking passengers is provided by means of 

time of the ride multiplied by the maximum number 

of starts. The operator must only start the amusement 

machine when the attraction is as full as possible, the 

minimal occupation is when at least 1/4 of the 

circumference of the wheel is occupied. The 

distribution of passengers must be as even as 

possible around the circumference in order that the 

wheel is well balanced. Special specifications set out 

the main physical characteristics of the attraction 

[7,12,14]. We use formulae (1) to (7) to find these 

physical characteristics that affect the structure or 

the passengers. The period T is represented as a 

material point, in other words, 1 gondola occupied 

by passengers, which describes the circle 1 time. The 

formula (1) is used for the period T: 

 𝑇 = 𝑡𝑛𝑘 = 6014 = 4.286 𝑠 (1) 

The angular velocity of the whole wheel 𝜔𝑘 is 

obtained by dint of formula (2): 

 𝜔𝑘 = 2 ∙ 𝜋𝑇 =  2 ∙ 𝜋4.286 𝑠 = 1.466 𝑠−1
 (2) 

We consider the circumferential speed of the 

wheel 𝑣𝑜𝑘 in the vertical position, where the wheel 

describes the largest diameter by tilting the gondolas 

during riding of amusement device. Accordingly, we 

can determine the desired diameter and the resulting 

formula (3) for the circumferential speed is 

subsequently: 

 𝑣𝑜𝑘 = 𝐷𝑐𝑘2 ∙ 𝜔𝑘 = 13,66 𝑚2 ∙ 1,466 𝑠−1, 𝑣𝑜𝑘 = 10,015 𝑚 ∙ 𝑠−1 

(3) 

The angular acceleration of the wheel ε is obtained 

by the dividing angular velocity 𝜔𝑘 by the starting 

time 𝑡𝑟 according to equation (4): 

 𝜀 = 𝜔𝑘𝑡𝑟 = 1.466 𝑠−117 𝑠 = 0.086 𝑠−2
 (4) 

The circumferential speed of passengers 𝑣𝑜𝑝 is 

measured 0.6 m from the seat surface, and it is 

calculated based on formula (5), where 𝐷𝑝𝑘 is wheel 

diameter measured between two opposite gondolas 

at the passenger seat: 

 𝑣𝑂𝑝 = 𝐷𝑝𝑘2 ∙ 𝜔𝑘 , 
𝑣𝑂𝑝 = 11.214 𝑚2 ∙ 1.466 𝑠−1, 𝑣𝑂𝑝 = 8.22 𝑚. 𝑠−1

 

(5) 

The acceleration due to gravity acting on the 

passengers 𝑎𝑝 can be calculated according to 

equation (6), where 𝑟𝑜𝑝 is the radius of the wheel 

measured between two opposite gondolas at the 

point of the passenger seat, 𝑔 is the gravitational 

acceleration, 𝐹𝑜𝑑 is centrifugal force of the gondola 

and 𝐹𝑔 is the weight of the gondola: 

𝑎𝑝 = 𝐹𝑜𝑑𝐹𝑔 = 𝑚 ∙ 𝑣𝑂𝑝2𝑟𝑂𝑝𝑚 ∙ 𝑔 = 𝑣𝑂𝑝2𝑟𝑂𝑝 ∙ 𝑔 

𝑎𝑝 = 8.222 𝑚. 𝑠−15.61 𝑚 ∙ 9.81 𝑚. 𝑠−2 = 1.23𝑔 

(6) 

The calculated gravitational acceleration is 

considered in the equilibrium position of the device, 

inasmuch as the passengers get into the position 

when they ride in a vertical position downwards, the 

gravitational acceleration of the Earth must be 

added. The resulting maximum gravitational 

acceleration acting on the passengers is 𝑎𝑝𝑚𝑎𝑥  = 

2.23g. These physical values are suitable for a rough 

description of the amusement device. 

When designing the principal structural elements 

of an amusement device, the standard prescribes a 

condition of permissible deflection of the structure 

wper, which the designer must not exceed (wper = 

L/500, valid for all structural units carrying 

passengers, where L (cm) is the length of the verified 

structure) [2].  Verifications of the structure are 

performed at the most adverse effects of loads on the 

structure [7]. Welding is used to join many 

components of the structure [8]. The fatigue 

calculation for amusement devices assumes 35 000 

operating hours without considering the time of 

boarding and disembarking passengers. Components 

of regular mass production (for example, bearings, 

large-sized slewing bearings), which are replaced 

more frequently, must be rated for 5 000 hours of 

operation. Structural components designed with a 

partial safety factor 𝛾𝑀𝐹 = 1.1 (-) or 1.0 (-) are 

required to be checked periodically. 

All parts subjected to pressure must be designed to 

withstand twice the maximum working pressure 

without permanent deformation or failure. Loads on 

pistons and cylinders are designed purely with 

regard to axial stresses. Telescopic jacks should be 

dimensioned in respect of buckling and the 

necessary acceleration of the telescopic system at the 
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beginning and end of the stroke by creating a suitable 

reserve for increased load. In the event of a pressure 

line failure, the lowering speed must not exceed 1.0 

m·s-1. 

The proper operation of each amusement device is 

superintended by a minimum of two trained 

employees who are familiar with every aspect of the 

amusement device and supervised by a supervisor. 

During placement and construction, the supervisor 

must ascertain that the ground under the facility is 

sufficiently firm and nothing will hamper the 

movement of the attraction. Prior to installation, 

workers ascertain that all structural units are in fully 

functional condition and prepared for operation. The 

erection procedure should be carried out in 

accordance with the relevant drawings and assembly 

instructions. After the erection of the equipment, the 

supervisor personally inspects the assembly by 

means of the construction logbook and the 

manufacturer's instructions. In addition, it is 

essential to ascertain that the equipment is stable and 

stands firmly in place. Each amusement handling 

machine must be inspected daily in accordance with 

the logbook, in terms of some amusement rides this 

inspection may be more frequently. Moreover, the 

inspection includes a mandatory test run in order to 

check mechanical systems such as brakes, driving 

machines. The operator during operation checks all 

the requirements set by the manufacturer, for 

example the correct occupancy of the units, the 

passenger restraining before the start of the ride as 

well as ensuring that no passenger of an illegal age 

or height limit is allowed on the runway. The 

equipment must not operate in adverse wind speeds, 

the operator is required to check the wind speed 

sensor (anemometer) and stop the operation if the 

wind speed exceeds 15 m·s-1 [1-4]. Other values that 

specify the attraction will be determined in the 

further solution of this issue. 

III. MAIN STRUCTURAL UNITS OF THE 

PROPOSED AMUSEMENT RIDE 

The model of the amusement device (Fig. 2) is 

created in CATIA V5. The model is composed of 18 

gondolas evenly distributed around the 

circumference of the wheel, on which 2 seats are 

secured. The gondolas are attached to a steel truss 

which is connected to each other by means of fixing 

profiles. The truss structure is slid onto the wheel 

hub and connected to it by dint of a rod with a 

manufactured thread. 

The hub is slid onto an oversized hollow shaft and 

spun by means of an electric motor. The shaft is 

inserted into the prime beam, which is lifted to a 

vertical position through a hydraulic telescopic 

system.  The hydraulic system is supplied with fluid 

by means of a pump with an electric motor. The 

hydraulic system will be equipped with metal hoses 

and two-way hydraulic lock in order to prevent 

damage of the amusement device (e.g., when critical 

elements of hydraulic system would fail). The 

connection of wheel hub and motor unit is depicted 

in the Fig. 3. 

A raised platform (podium) is built around the 

equipment for accessible boarding the gondola. The 

podium is a natural barrier from the point of view of 

preventing bystanders from touching the moving parts 

of the equipment. 

The entire machine covers an area of 

approximately 250 m2, the wheel diameter is 13.584 

m, the overall width of the amusement ride is 15 m, 

the width of the wheel anchorage is 3.4 m, the width 

of the gondola is 1.8 m. The distance from the 

outside of the wheel to the outside of the beam is 

2.704 m. The width of the beam is 0.5 m. The 

mounting of the hydraulic cylinder on the girder 

represents a rectangle of dimensions 0.35 m x 0.25 

m. The total height from the ground is 16.870 m. The 

height of the equipment from the beginning of the 

 

Figure 3. The wheel hub and motor unit assembly 

 

Figure 4. Main dimensions of the proposed 

amusement ride – side view 
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beam to the furthest part of the wheel is 15.325 m 

(Fig. 4) and (Fig. 5). 

The gondola shown in Fig. 6 is designed for two 

passengers with a maximum load of 100 kg per 

passenger. The chief load-bearing parts of the 

gondola are constructed of structural steel. The basic 

load-bearing part is a tubular steel section CHS 

150x5. This predominant part is welded to the beam 

of the SHS 150x10 (square hollow section). The 

seats are connected to the beam by steel sections 

transferring the load from the passengers to the main 

supporting section. 

The seats are filled with foam that is covered with 

leather. A boarding plate is welded to the main load-

bearing section. The boarding plate is employed for 

boarding the gondola and serves as a footrest in the 

course of riding. The plate is welded on rectangular 

profiles connected to the main supporting part of the 

whole gondola. A non-slip pad is glued to the 

boarding plate because of increasing safety when 

boarding the gondola. 

The restraint depicted in Fig. 7 is located behind 

the occupant's back and attached to the seat backrest. 

The restraint system comprises a restraint cage made 

of aluminium, which is operated by an electrical 

system with a mechanical safety lock. Cage is 

equipped with passenger handholds due to better 

withstand the forces generated in the course of 

riding. The cage is shaped in a manner that it does 

not apply pressure to fragile areas when holding the 

passenger and provides sufficient support in the 

event of the passenger falling out or being ejected. 

The source of restraint system is placed in a 

protective box. The box is covered with metal sheets 

and secured against external unwanted influences. 

The bearing housings are fastened on the chief 

supporting part through 4 bolts. The housings 

contain single-row ball bearings (Fig. 8), which 

allow the gondola to tilt when the amusement ride is 

in motion. The threaded rod is pushed through the 

bearings, which is fixed to the truss structure and 

screwed with self-locking nuts. Spacer rings are 

placed between the truss structure and the bearing 

because of proper function of bearings. 

The truss structure (Fig. 9) is made of RHS 

(rectangular hollow section) 150x100x50 profile and 

S235 J0 material. The shape of the structure is made 

up of two prime members (chords). The upper 

member is 5.23 m long and at the end it is connected 

to the lower member, which is at an 8° angle to the 
upper member. Grips are welded on the upper 

member, between which the individual chords are 

joined together to form a single unit (wheel) by 

means of fixing profiles. The fixing profiles have a 

rectangular cross-section, where the shorter profile 

fastening the structure closer to the wheel mounting 

and the longer one fixing the truss closer to the 

gondola. Between the upper and lower members, the 

shorter members are arranged in a descending order 

at a 45° angle. The exceptions represent the first and 

Figure 5. Chief dimensions of the proposed 

amusement ride – front view 

 

Figure 6. A 3D CAD model of the gondola 

 

Figure 7. Restraint system of the gondola 

 

Figure 8. Gondola bearing arrangement 
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last members, which are perpendicular to the upper 

long member of the structure. A hole is made in the 

first perpendicular member into which a rod is 

inserted. The rod connects the truss and the wheel 

hub. All parts of the truss are connected by welded 

joints. 

At the end of the structure is located a steel 

reinforcement in which the threaded rods are pressed 

(Fig. 9). The gondolas are suspended by these rods 

from steel reinforcement of the truss. The 

reinforcement is cut at a 10° angle in order that the 
bars are aligned on adjacent trusses, ensuring that the 

gondola can tilt.  

The design of the truss structure, investigation of 

its maximum deflection and finding the most 

stressed member of the structure were the main 

objectives of the authors in the paper [21]. On the 

basis of the passenger body dimensions stated in 

STN EN 547-3 + A1, the structural design of the 

gondola of the amusement device (Fig. 6) was 

carried out, and the maximum load capacity of the 

gondola was determined to be 100 kg. Moreover, the 

restraint system of the gondola (Fig. 7) was designed 

with regard to ISO 17842-1:2023 standard. 

Subsequently, after assigning the materials, the mass 

of the gondola was obtained by means of Catia V5 

software, approximately 705 kg. Further in the 

paper, the authors found and calculated the loads 

acting on the truss structure supporting the gondola, 

such as the centrifugal force of the gondola (where it 

was based on the calculated angular velocity of the 

wheel - equation (2)), the weight of the gondola, the 

centrifugal force of the truss structure itself. In 

addition, all load values had to be multiplied by the 

partial safety factor for variable effects, which takes 

values from the range (1.1 to 1.35), based on STN 

EN 13814-1 standard. The authors further set out to 

size the truss structure, based on STN EN 13814-1, 

which specifies the condition of maximum allowable 

deflection. Verification of the required deflection 

was performed by FEM simulation in Ansys 

software. Results (Fig. 10) demonstrate that the 

maximum deflection of the truss structure 𝑤𝑚𝑎𝑥 =0.848 𝑐𝑚 was less than the allowable deflection 𝑤𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = 1.05 𝑐𝑚 given by STN EN 13814 

standard [21]. 

The wheel structure of the amusement device is 

joined in the wheel hub. The hub provides the 

transmission of rotational motion from the motor to 

the wheel through the gearing. The primary 

component is an oversized hollow shaft fixed to the 

main beam of the device. A retainer is slid onto the 

main beam. Moreover, the holder is screwed against 

the shaft using eight M16 screws, which ensures that 

the hub is moved in the lower horizontal position of 

the device. The first oversized ball bearing is further 

slid onto the shaft. Further, the lower ring of the 

bearing is forced against a milled section on the shaft 

to ensure the bearing is functional. Before the drum 

is inserted, it is suggested to insert a spacer. The 

spacer ensures that the bearings do not move towards 

each other on the shaft. A shaped drum is slid onto 

the bearing on which the gear wheel is bolted. 

Flanges are welded to the drum, between which the 

individual trusses are inserted.  After the drum has 

been inserted, a second bearing is embedded. A stop 

is made in the drum for bearing. The purpose of the 

stop is to prevent unwanted movement of the bearing 

as well as of the whole drum along the shaft. A 

retaining washer is screwed onto the end of the shaft 

for the sake of prevention of the overall movement 

of the second bearing out of the hub. Ultimately, a 

hub cover is fitted, which is screwed onto the drum. 

The hub cover has an oval shape and a lug by means 

of which is pressed against the drum as well as 

against the second bearing. The whole hub is made 

of steel and weighs approximately 5 tonnes (Fig. 11). 

 

Figure 9. Truss supporting gondola 

 

Figure 11. Wheel hub (top – assembled, bottom – 

disassembled) 

 

Figure 10. The total deflection of the truss [21] 
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The hollow shaft is inserted into the main beam 

0.05 m and screwed with long M39 screws. Thus, the 

folded hub (Fig. 11) is approximately 1.5 m long. 

The shaft is stressed for bending in the vertical 

position of the device. 

In the course of gear sizing, a spur gear with 

straight teeth (Fig. 12) was chosen. It can transfer a 

large torque from the motor to the wheel bearing due 

to the meagre losses. The small gear (pinion) is 

attached by dint of a tight key to the output shaft 

from the motor gearbox and secured by a washer 

with a bolt. The pinion turns the large gear attached 

to the wheel hub. The teeth on the large gear and the 

small pinion are designed with a modulus of m = 12 

mm to withstand the high bending moment 

generated during the pinion and the large gear 

meshing. The axial distance between the gears is a = 

0.792 m. 

The propulsion of the amusement device is 

provided by an electric motor with a bevel-front 

gearbox and a built-in brake (Fig. 13).  

The drive assembly is fastened on the primary 

beam by dint of 8 screws. The motor drives by means 

of the gear the wheel hub and spins the wheel to the 

desired speed. The change of the motor speed is 

ensured by selecting the frequency converter 

mounted at the control panel of the device. A self-

powered brake is incorporated into the drive, housed 

at the rear of the electric motor. 

The primary beam of the amusement device is 

made of S335 J0 steel and RHS profile (Fig. 14). The 

primary beam is fixed in the anchorage of the 

structure by a rod which is equipped with bearings. 

Therefore, this arrangement ensures a 90° change of 
column position. A catch is welded to the beam to 

which the hydraulic system is connected. The hole is 

manufactured at the top of the structure for the 

hollow shaft to slide into. In addition, the shaft is 

reinforced at the hole due to allow the material to 

withstand the full load from the wheel. Above the 

hole is a notch up to approximately half the width of 

the beam, where a steel plate is mounted against 

which the motor and gearbox are bolted. 

Another crucial element of the amusement device 

is the main beam. The authors aimed to scrutinise the 

main beam in the paper [22]. They performed sizing 

of the primary beam, analytical calculation as well as 

numerical calculation of the maximum deflection of 

the main beam, which must not exceed the 

permissible deflection given by the condition stated 

in STN EN 13814-1, namely 𝑤𝑝𝑒𝑟 = 𝐿500 , where L is 

the length of the main beam. The value of the 

maximum permissible deflection is 𝑤𝑝𝑒𝑟 =1.71 𝑐𝑚. The results of the maximum deflection of 

the primary beam obtained from the analytical 

calculations (𝑤𝑚𝑎𝑥 = 1.59 𝑐𝑚) and FEM analysis 

(Fig. 15) are similar and less than the value of the 

permissible deflection [22]. 

The hydraulic telescopic system (Fig. 16) is made 

up of 3 hydraulic cylinders. Extension occurs in the 

horizontal position where the system must overcome 

the greatest loads.  

Hydraulic cylinder No. 1 starts pushing at a 50° angle 
over a length of 1.4 m. Hydraulic cylinder No. 2 starts 

pushing at a 46.88° angle over a length of 1.6 m and the 
last cylinder No. 3 starts pushing the beam at a 53.484° 
angle over a length of 1.8 m until the final position, in 

other words, until the beam is in the vertical position. 

The total extension length is 6.98 m. It is considered 

from the catch of the telescopic system. The hydraulic 

cylinders are attached at one end to mounting bracket 

placed at the upper part of the beam and at the other end 

 

Figure 12. The designed gearing 

 

Figure 13. Electric motor with gearbox 

 

Figure 14. A primary beam of the proposed 

amusement ride 

 

Figure 15. A detail of total deflection of 

main beam [22] 
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in the anchorage of the whole amusement device. 

Liquid is injected into the hydraulic system at a pressure 

of 35 MPa through a pump driven by the electric motor 

located in the anchorage of the equipment. The oil is 

pumped from a collection tank attached to the 

anchorage and located above the pumping device. The 

kinematics of the proposed amusement device is 

graphically produced in the DMU (Digital Mock-Up) 

Kinematics environment in CATIA V5 programme. 

The amusement device can be defined by 4 positions 

when it changes its state. 

The first position is the steady state, time for 

passengers to board or disembark, restraint 

attachment, start of the ride or end of the ride, as 

shown in Fig. 17. 

The second position occurs when the device is spun 

at a constant speed, before the lifting starts, when the 

tilting of the gondolas is observed (Fig. 18). 

The third position is the one at which the device 

starts to raise or lower at the end of the ride by means 

of the telescopic system (Fig. 19). 

The last position – top, when the device reaches a 

vertical state, the gondolas are fully tilted, 

passengers ride in the upside-down position (Fig. 

20). 

IV. CONCLUSION 

The authors presented in the paper the analysis of 

the normative requirements necessary to perform the 

structural design of the handling machine serving the 

amusement industry. In addition, they demonstrated 

the technical specifications of the proposed 

equipment. Accordingly, they published structural 

designs of the diverse nodes of the mechanism and 

the kinematic possibilities affecting the occupants. 

In further research, the authors will focus on the 

dimensional calculations of the selected structural 

units by means of analytical and numerical methods. 
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Figure 16. A side view of the telescopic system 

 

Figure 17. First position of proposed amusement 

ride [23] 

 

Figure 18. Second position of the amusement ride [23] 

 

Figure 19. Third position of the amusement device 
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Figure 20. Fourth position of the amusement 

device [23] 
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Abstract: This paper introduces an innovative approach for generating three-axis CNC tool paths for machining 

free-form surfaces. The method is designed to minimize variations in the effective tool diameter, 

addressing a common challenge encountered when using ball-end tools for machining free-form 

surfaces. These surfaces exhibit varying inclinations, leading to fluctuations in the tool’s working 
diameter from one point to another, resulting in inconsistent cutting speeds and milling parameters 

despite a constant spindle speed. Consequently, the machined surface tends to lack uniformity. In 

contrast to conventional tool path planning techniques, the proposed method calculates the working 

diameter at each adjacent point and guides the tool’s movement towards the point where the smallest 

change in working diameter is anticipated. This approach reduces fluctuations in cutting speed and 

promotes the generation of a more homogeneous surface. 

Keywords: Working diameter; Ball-end tool; Free-form surface; Surface roughness; Three-axis milling 

 

I. INTRODUCTION 

The productivity of the milling process of the free 

form surfaces is determined by the machining 

circumstances, like the cutting tool properties, the 

cutting parameters, and the applied tool path 

strategy. The parameters of the milling process affect 

the micro- and macro accuracy of the machined 

surface. In order to improve the machining 

performances, there are several ways to optimize the 

technology and reduce the cost of the production. 

The term “tool path” denotes the specific trajectory 

along which a machine’s cutting tool moves to shape 

the desired surfaces [1]. Typically, Computer-Aided 

Manufacturing (CAM) systems are employed to 

generate this tool path for guiding CNC machines. 

This process gains even greater significance in the 

context of machining free-form surfaces, which have 

become increasingly prevalent across various 

industries like die and mould manufacturing, 

aerospace, and automotive production. 

Consequently, the automated generation of tool paths 

has assumed paramount importance since surface 

quality and machining efficiency hinge on the 

chosen tool path [2]. Various tool path planning 

strategies exist, including the iso-parametric line 

method, iso-scallop method, and iso-metric section 

plane method, among others [3]. However, these 

methods often lack clear guidance for selecting the 

optimal strategy. Thus, users are compelled to rely on 

a trial-and-error approach, which not only consumes 

time but is also suboptimal and prone to errors [4]. 

Hence, the paramount importance lies in devising 

an efficient and adaptable intelligent method for the 

individualized generation of tool paths customized to 

each specific surface. Nevertheless, the development 

of such a system presents a formidable challenge 

owing to the multifaceted variables influencing the 

machining of free-form surfaces, encompassing 

factors such as surface inclination, cutting speed, and 

various cutting parameters. This underscores the 

imperative for an advanced tool path planning 

approach capable of effectively addressing these 

intricate parameters to enhance surface quality and 

machining efficiency. 

Many studies in this field primarily focus on 

optimizing cutting conditions through suitable 

milling strategies. While these approaches work well 

for machining numerous parts, they face challenges 

in achieving satisfactory surface quality on complex 

surfaces. For instance, J. Varga et al. [5] conducted 

a comparative study on four milling strategies using 

a ball-end tool and found that the constant Z strategy 

minimized shape deviations, resulting in an un-

oriented surface. D.-D. Vu et al. [6] optimized tool 

paths for sculpted surfaces during three-axis end 
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milling, reducing tool path length by 20% compared 

to conventional methods. G. Huo et al. [7] 

introduced an innovative approach for generating 

tool paths for free-form surfaces using a three-axis 

machine, ensuring alignment with desired feed 

directions across the entire surface. 

Additionally, A. Mali et al. [8] explored the 

influence of cutting parameters and tool-path 

strategies on tool wear, cutting forces, and surface 

quality when milling curved surfaces, emphasizing 

the importance of factors like cutter diameter, and 

cutting speed. 

In a different approach, A. Kukreja and S. S. Pande 

[9] developed a machine learning system that selects 

the best toolpath planning strategy for CNC 

machining complex surfaces using performance 

parameters and a Convolutional Neural Network 

(CNN), achieving 96.8% accuracy. Simultaneously, 

U. Župerl et al. [10] presented a cloud-based system 

for real-time tool condition monitoring during end 

milling, employing IoT, an optical system, and AI to 

detect cutting chip size and analyse cutting force 

trends, achieving 85.3% accuracy in identifying tool 

breakage. 

Furthermore, J. Zhang et al. [11] developed an 

optimization model to plan tool paths, aiming to 

minimize path length while considering tolerance 

and complete milling constraints. In the study by 

Kukreja and S. Pande, [12], an optimized tool path 

was introduced utilizing the iso-scallop approach. 

Furthermore, the algorithm in the research offers two 

distinct strategies: iso-scallop and hybrid iso-

scallop. This methodology involves the stitching and 

refinement of overlapping toolpaths. Meanwhile, in 

the study by Liu et al. [13] a highly efficient method 

for generating iso-scallop tool paths was presented. 

This method directly computes scallop points and 

cutter location (CL) points for iso-scallop paths from 

scattered data points using iterative algorithms, 

eliminating the need for point offsetting surface 

fitting. Remarkably, this new approach has 

showcased superior efficiency when compared to 

their previous method [14]. These distinct researches 

endeavours collectively contribute to advancing tool 

path optimization and machining efficiency. 

Tool path optimization has several aspects, and 

effects. These can be the reduction of the tool load, 

improvement of the surface roughness, avoidance of 

the burr or incensement of the dynamics of the feed. 

The aim of our research is to optimize the milling 

tool path of the ball end milling based on the 

calculation of the working (or effective, Deff) 

diameter. In the case of free form milling, the 

working diameter is changed because of the 

changing of the surface inclination. The changing 

working diameter has an effect on the cutting speed 

and the surface roughness. During the previous 

research stage, these effects were investigated, and 

an optimization algorithm was developed, which 

modified the spindle speed and the feed in order to 

compensate the negative effect of the working 

diameter. The algorithm requires the tool position 

data and the surface inclination. The APT file format 

is used for tool path and the STL format for surface 

description. The modified NC code contains the 

variable cutting parameters. The acceleration and the 

breaking of the spindle depending on the surface 

inclination, and the dynamic load of the spindle, can 

be high [15].  

In the current article, a new concept is presented, 

when the tool path is modified based on the changing 

of the working diameter of the ball-end tool. 

II. THE CONCEPT 

The algorithm has been developed with a specific 

focus: generating an optimal tool path for milling 

free-form surfaces. The primary objective is to 

minimize variations in the working diameter of the 

ball-end tool during the machining process. By 

achieving minimal changes in the working diameter, 

the resulting reduction in cutting speed fluctuations 

ensures a more uniform and homogeneous machined 

surface. 

The core objective of the algorithm is to perform 

path planning for CNC machining. This involves 

determining the sequence of points (toolpath) that the 

CNC machine should follow while milling the 

freeform surfaces. The developed algorithm solves 

the tool path re-planning as a search algorithm. The 

algorithm uses the pre-generated NC code in APT 

form. The code contains the points of the toolpath. 

The search algorithm reorder the points in order to 

equalize the value of the working diameter, and 

reduce the dynamic load of the spindle. The algorithm 

implements a path planning that takes into account 

the difference in the effective diameter between the 

current point and its neighbour points. Once a point 

is processed, it is marked as visited (tabu) to prevent 

the algorithm from revisiting it. The overarching 

goal is to ensure that the algorithm systematically 

covers all points without duplication while 

minimizing fluctuations in the working diameter. 

The algorithm begins by reading and processing 

data from an STL file, which represents 3D models 

using triangular facets and contains vital geometry 

information. Subsequently, it extracts tool position 

coordinates from an APT file, a format used in CNC 

machining. To enhance precision, the code generates 

additional tool positions as needed and calculates 

normal vectors at each position based on facet data 

from the STL file. It also determines neighbour points 

and computes the working diameter using an 

established mathematical model. Finally, the code’s 

core objective is path planning for CNC machining, 

aiming to optimize toolpaths by considering 
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variations in the effective diameter while efficiently 

covering all points on the surface.  

Fig. 1 shows the pre-processing of the tool path and 

the surface data. The algorithm can be summarized in 

the following sequential steps. 

The developed algorithm uses APT file to 

determine the tool position coordinates at each point 

of the surface. An APT (Automatically Programmed 

Tool) file is a file format used in computer-aided 

manufacturing (CAM) and computer numerical 

control (CNC) machining. APT is a high-level 

programming language specifically designed for 

defining toolpaths and machining operations for 

CNC machines. By reading the file, the algorithm 

extracts tool position coordinates. 

The original CNC code contains the points of the 

tool path. The distance of the consecutive points 

depends on the surface inclination. In the case of 

plane surface segments, which can be horizontal or 

inclined, the distances can be large. But where the 

curvature of the surface is greater, the distance 

between the points is smaller. In order to reconfigure 

the tool path, quasi-equal density of the points is 

required. If the distance of points is larger than the 

defined limit (dlim), new points are added. The 

suggested limit is the value of the width of cut 

parameter (ae), which is the distance between two 

parallel paths. The procedure divides the line 

between two points into pieces, where the distance is 

smaller than the defined limit. It has no effect on the 

accuracy of the machining because the original tool 

path follows the same linear segment. 

 

 

 

The distance between two points is: di =  √(xi − xi+1)2 + (yi − yi+1)2 + (zi − zi+1)2 

(1) 

I = Roundup ( didlim) (2) 

If I > 1, additional points must be added, the 

number of new points is (I-1). The coordinates of the 

new points can be calculated by the next equation: 

Pnewj = Pi + jI ∙ (Pi+1 − Pi) =
[  
   xi + jI ∙ (xi+1 − xi)yi + jI ∙ (yi+1 − yi)zi + jI ∙ (zi+1 − zi)]  

   ; 
j = 1… (I − 1) (3) 

The algorithm proceeds by processing data from 

the STL file, which is commonly used for 

representing 3D models with triangular facets. STL 

file contains information that characterizes the 

surface’s geometry. This file format presents the 
surface as a collection of triangles along with their 

associated normal vectors within a three-

dimensional coordinate system. It’s important to 
note that the STL file does not contain any additional 

surface details, such as colour or texture information. 

As the algorithm reads the STL file, it accumulates a 

list of the normal vectors, and calculates the in-center 

point of each triangle (Fig. 2). The resolution of the 

STL file can be adjusted. The STL file describes the 

free form surface with some deviation, but this has 

no effect on the accuracy of the method, because 

only the normal vector of the machined area is 

required, and in case of technical free form surfaces, 

the changing is limited.  

 

 

Figure 1. Pre-processing of the tool position 

and surface data. 

 

 

Figure 2. Intermediate points. 
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The algorithm calculates the normal vectors at 

each tool position using the facet normal obtained 

from the STL file. These normal vectors are 

associated with the corresponding tool positions by 

identifying the nearest in-center point. Essentially, 

this process ensures that at each position, the tool 

aligns with a specific triangle and adopts the same 

normal vector as that triangle. 

The search algorithm of the reordering the points 

of the tool path is started by the selection of the 

starting point (Fig. 3). It has to be on the border of 

the machined surface. The point can be defined by 

rules, like the lowest or the highest point of the 

contour or it can be a random point.  

The next step is finding the neighbour points. 

Because of the non-uniform and non-regular 

distribution of the tool points, an adaptive method 

has to be used. This code then performs some 

neighbour point calculations based on a distance 

threshold R. It iterates over tool position elements 

and checks for nearby points. If the count of nearby 

points is less than a specific number, it incrementally 

increases the distance threshold R until it reaches or 

exceeds specific number of points. The resulting 

points are stored in a list. If a point was chosen 

previously, it is deleted from the neighbour set, as a 

tabu point. 

The algorithm calculates the milling direction for 

each tool position based on the slopes between the 

tool position and its neighbour points. Then it 

calculates the working diameter of each neighbour 

point using a mathematical model presented by Mikó 
and Zentay [16]. 

At the last step, the point is selected, which has the 

smallest difference value in the working diameter. If 

there is no difference in the working diameter, 

because the surface is horizontal, the next point is 

selected in the feed direction. The modified cutting 

parameters (cutting speed and feed) are calculated, 

and add to the list of the points of the new tool path. 

The algorithm starts again by the selection of the 

neighbour points. The reordering of the points of the 

tool path is ended, when all points are selected.  

III. RESULTS 

The algorithm was tested on a free form surface 

(Fig. 4), the size of the part was 50 x 50 mm, the 

height of the profile was 10 mm. The machining 

parameter in the simulation is shown in Table 1. 

Fig. 5 illustrates the outcome of point processing. 

The first image displays the original distribution of 

path points, while the second reveals the extended 

point cloud. This extension of the point cloud 

provides valuable data for optimizing tool paths. 

Algorithms can leverage this data to determine the 

most efficient and safe routes for the cutting tool. To 

maintain relatively uniform point spacing, the width 

of cut (ae) was used as a standard distance between 

points. This approach ensures reasonably consistent 

inter-point distances. Moreover, extending the 

original point cloud allows for a faithful 

representation of the complex free-form surface 

geometry, thereby enhancing the precision of tool 

path planning and reducing the risk of errors or 

defects in the final product. 

 

 

Figure 3. Search algorithm. 

 

Figure 4. Test part geometry. 

Table 1. Parameters of the simulation. 

Parameter Value 

Tool diameter (D) 10 mm 

Cutting speed (vc) 63 m/min 

Feed (vf) 500 mm/min 

Depth of cut (ap) 0.3 mm 

Width of cut (ae) 0.5 mm 

Feed direction (Af) 90° 
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In Fig. 6 and 7, a tool path comparison between 

the original and optimized versions is presented. The 

optimized tool path originates from two positions: 

the point with index 0, coordinates 50, 50, 10 

(located in the top right corner of the workpiece), and 

the point with index 4269, coordinates 28.500, 

43.919, 10.00 (situated in the middle of the 

workpiece). The optimization considers both 4 and 8 

neighbour points. 

It is important to note that the generated path 

contains jump points. These occur when all adjacent 

points to the current position are marked as visited. 

In such instances, the algorithm seeks the closest 

unvisited point in the tool-position list. However, 

this optimization strategy involves a trade-off; the 

    
a) Start point: No.0; 4 neighbour points                     b) Start point: No.0; 8 neighbour points 

    
c) Start point: No.4269; 4 neighbour points              d) Start point: No.4269; 8 neighbour points 

Figure 7. Optimized tool path. 

 
a) 

 
b) 

Figure 5. (a) Original and (b) extended 

distribution of the points. 

Figure 6. Original tool path. 
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tool may traverse a greater distance in the optimized 

path compared to the original path. 

The result of the optimized toolpath depends on 

the position of the starting point, and the number of 

the investigated neighbour points. Therefore, four 

cases were studied (Table 2). 

The comparison of the four tool path planning 

cases unveils distinct trends influenced by the 

selected starting points and the number of 

neighbouring points. Fig. 8a illustrates the traveling 

distance in the four cases. Cases 1 and 3, both 

originating from the top right corner but differing in 

neighbouring points, demonstrating that an increase 

in neighbouring points leads to a longer tool path 

(6183) for Case 1 with four neighbours and 8805 for 

Case 3 with eight neighbours. Similarly, Cases 2 and 

4, both starting from the middle but varying in 

neighbouring points, follow a similar pattern, with 

Case 4 (10645) having a longer tool path compared 

to Case 2 (7097). Conversely, Fig. 8b highlights the 

impact of starting points and neighbouring points on 

jumping points. Initially comparing Cases 1 and 2, 

both starting from distinct locations but with four 

neighbouring points, reveals a minimal difference in 

jumping points (181 in Case 1 and 180 in Case 2). 

This suggests that the starting point's influence on 

jumping points is relatively limited when the number 

of neighbouring points remains constant. A parallel 

trend is observed in Cases 3 and 4, where starting 

from the middle but with different neighbouring 

points results in comparable jumping points (426 in 

Case 3 and 432 in Case 4). This underscores that the 

number of neighbouring points plays a more 

significant role than the starting point in determining 

the number of jumping points. 

On the other hand, the main aim of the 

optimization was to decrease the changing of the 

effective diameter and moderate the dynamic load of 

the spindle. This aim was measured by the sum of 

the absolute value of the changing of effective 

diameter. Two cases were compared. The first case 

was the result of the spindle speed optimization, 

without any modification of the toolpath, and the 

second was the tool path optimization. 

Fig. 9 and 10 provide a visual representation of 

the change in the working diameter when employing 

two different milling strategies: the traditional zig-

zag milling tool path and an optimized tool path. The 

working diameter, a critical parameter in machining 

operations, is analysed to understand its variation 

and impact on the machining process. 

In the case of the traditional zig-zag milling tool 

path, Fig. 9 illustrates a significant range of change 

in the working diameter, spanning from 0 to 0.9155. 

This wide variation suggests that the machining 

process under traditional zig-zag milling conditions 

results in a less consistent effective diameter 

throughout the operation. 

 
a) 

 
b) 

Figure 8 a) Travelling distance and b) Number 

of jumping points at each case. 

Table 2. Parameters of the simulation. 

Case Starting point Neighbours 

1 0 4 

2 4948 4 

3 0 8 

4 4948 8 

 

 

Figure 9. The change in the working diameter 

in the case of original tool path. 
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On the other hand, Fig. 10 showcases the working 

diameter variation when utilizing an optimized tool 

path. In this scenario, the effective diameter 

fluctuates within a narrower range, specifically 

between 0 and 0.6. This narrower range indicates 

that the optimized tool path leads to a more 

controlled and predictable working diameter during 

the milling process. 

The observed difference in the effective diameter 

range between the two milling strategies has 

noteworthy implications, particularly in terms of 

surface homogeneity. A smaller variation in the 

working diameter, as achieved with the optimized 

tool path, contributes to enhanced surface 

homogeneity. 

Fig. 11 illustrates the spindle speed change in the 

case of the traditional zig-zag milling approach, 

showcasing a wide range from 0 to 622. This broad 

variation implies that under traditional zig-zag 

milling conditions, the spindle speed undergoes 

significant changes throughout the machining 

process. Such fluctuations may introduce challenges 

such as tool wear, vibration, and inconsistent cutting 

conditions, potentially impacting the overall quality 

of the machined surface. 

Conversely, Fig. 12 represents the spindle speed 

variation for the optimized tool path. In this case, the 

spindle speed changes within a smaller range, 

specifically from 0 to 128. The narrower variation 

indicates that the optimized tool path leads to a more 

controlled and stable adjustment of spindle speed 

during machining. 

IV. CONCLUSION 

The article presents a new concept for milling tool 

path optimization, when the tool path is modified 

based on the changing of the working diameter of the 

ball-end tool. 

The presented algorithm was designed for 

optimizing toolpaths in CNC machining, with a 

primary focus on minimizing variations in the 

working diameter of the ball-end tool during milling 

of free-form surfaces. The algorithm reorders the tool 

points of the CNC program, and it works as a 

searching algorithm. It systematically calculates the 

working diameter of neighbour points and directs tool 

movement to points with minimal diameter 

differences, ensuring minimal changing of the 

working diameter and the changing of the spindle 

speed in order to maintain the constant cutting speed. 

Key steps involve reading and processing data 

from an STL file to extract surface geometry and tool 

position data from an APT file. Normal vectors are 

calculated and associated with tool positions, 

aligning the tool with specific triangles of the STL 

file. 

Neighbour point calculations consider a distance 

threshold, and working diameters are determined for 

each point. The core path planning algorithm 

minimizes working diameter fluctuations, 

preventing point revisits for efficiency. 

The comparative analysis between the original and 

optimized tool paths highlighted the nuanced impact 

of starting points and neighbouring points on the 

resultant tool path. Successfully achieving the 

primary optimization goal - reducing the change in 

 

Figure 10. The change in the working 

diameter in the case of optimized tool path. 

 

Figure 12. The change in the spindle speed in 

the case of optimized tool path 

 

Figure 11. The change in the spindle speed in 

the case of original tool path 
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effective diameter and moderating spindle dynamic 

loads - was evidenced in the controlled working 

diameter variation observed in the optimized tool 

path, contributing to enhanced surface homogeneity 

compared to traditional zig-zag milling, from the 

viewpoint of the variation of the surface roughness. 

From the aesthetic aspect, the surface will not 

homogenous, because of the non-regular tool path. 
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Abstract: One of the most important purposes of installing fire alarm systems is to provide an alarm signal in a 

protected building in the event of a fire. Fire alarms are most often provided by networked audible 

warning devices. The signal must be easily and quickly detectable and identifiable so that the 

occupants inside can start to escape after the alarm has been sounded. This is apparently a simple 

expectation, but if you look at the efficiency of fire alarms as a whole, and the effects that determine 

whether an evacuation will occur in response to an alarm, the question is not so simple anymore. The 

authors examined the circumstances that may affect the fire alarm signals. Among these aspects, the 

focus of the article is on the soundproofing properties of especially the interior doors, and their effect 

on sound propagation. The authors hypothesised that the increase in sound insulation of certain 

building materials and structures has an increasingly negative effect on the audibility of fire alarm 

signals. The authors supported their hypothesis with a series of experiments by test the soundproofing 

of several interior doors in response to a fire alarm sounder, used in fire alarm systems. The paper 

confirms that the sound attenuation of the currently used interior doors is better than that of the 

previously used ones and this is a negative factor for the fire alarm audibility. The authors recommend 

that the soundproofing properties of interior doors should be given greater weight in the design of fire 

alarm systems. 

Keywords: fire alarm; evacuation; fire sounder; soundproof; sound pressure; alarm audibility 

 

I. INTRODUCTION 

The first devices suitable for signalling fire were 

the forerunners of today's manual call points, which 

appeared on the streets of Berlin [1] and Boston [2] 

in the 1850s. Their primary purpose was, in part, to 

replace fire towers and rudimentary devices used to 

signal fire. By alarming the firefighters as quickly as 

possible and by intervening as early as possible, the 

number of fatalities and injuries can be reduced, as 

well as property damage (Fig. 1). From the mid-20th 

century, in addition to manual call points, devices 

developed in the series, which are capable of 

detecting fire without a human presence, gained an 

increasing role. These devices are the forerunners of 

today's automatic detectors, which were able to 

detect heat, smoke, and later flames. The main 

purpose of all these detection and alarm devices is to 

alert the occupants of a protected building as early 

and as clearly as possible to the fire in order to enable 

people to escape in time. 
 

Figure 1. Purpose of fire alarm systems 

(source: own figure) 
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The key to a successful escape is the time interval 

(Available Safe Egress Time - ASET), which is 

available from the place of residence to reaching a 

safe area. “Defined as the time when fire-induced 

conditions within an occupied space or building 

become untenable.” [3]  This time is determined by 

calculations or simulation programs during the 

design phase of buildings. However, the time 

available for escape determined in this way is 

worthless if the information about the need to escape 

reaches the given person too late. The time from the 

moment of ignition to the start of escape is 

influenced by a number of factors (see Fig. 2).  

Each of these components can increase the time 

required to escape (Required Safe Egress Time - 

RSET) to such an extent that it reduces the chance of 

reaching a safe space. Therefore, the ability to 

effectively hear and identify the sound signal 

generated by the fire alarm system installed in a 

building at every point in the building is one of the 

most important components of fire safety in a 

building. 

The design of audible fire alarm systems is subject 

to relatively strict standards now. Specific 

requirements define the minimum sound pressure 

level (hereinafter abbreviated as SPL) at any point of 

the building that the fire alarm sounders must 

provide. This is generally a minimum of 65 dB(A) 

according to the Hungarian technical specifications 

[4], but similar requirements are found in other 

countries (see Table 1).  

At the same time, the regulations for 

manufacturers of fire alarm sounders also maximize 

the performance of sound signalling devices, taking 

into account the negative impact of sound on the 

human hearing organ above a certain sound pressure. 

This means that the sound pressure level, measured 

at a distance of one metre from the sound source, 

should not exceed 120 dB [5], so that the majority of 

fire alarm sounders on the market have a sound 

output rating of between 90 and 110 dB.  

 

The design of fire alarm systems has a minimum 

sound pressure level to be ensured and an upper limit 

of 120 dB, which follows from the sound pressure 

value that can be tolerated by the human hearing 

organ without damage. But there is also a third, very 

important aspect to consider, which is the 

environmental impact on sound propagation. The 

basis of the latter aspects is the physics of sound 

propagation, which depends not only on the 

characteristics of the sound source (primarily its 

frequency) but also on the particularities of the given 

environment. It is known that the basic physical laws 

mostly determine how a given sound propagates in 

the open air. Several methods have been developed 

over the past decades to determine as accurately as 

possible the number and location of audible warning 

devices, needed to meet the requirements at the 

design stage [6] [7] [3], however these methods 

show a wide variation [8]. 

Primarily, the distance from the sound source has 

a significant effect on the reduction of the sound 

pressure level. This can be taken into account by the 

easily applicable so-called ‘6-decibel rule’, derived 

from the physical laws of sound propagation in free, 

unobstructed space. However, given that fire alarms 

are used in enclosed spaces, the parameters of the 

enclosed space are also decisive in the propagation 

of the sound.  

Other significant influencing factors are the 

building structures that get in the way of the sound 

waves. In the context of fire alarm systems, these are 

walls and doors of different sizes and materials. 

There are 'rules of thumb' in engineering practice to 

take account of the sound attenuation effects of these 

structures, but experience increasingly shows that 

trends in the construction industry are prompting a 

rethink of the previous design practice. The sound 

attenuation of general building structures, including 

non-fire-resistant interior doors, is usually 

considered to be of the order of 20 dB, but our 

research shows that this value is often inadequate in 

Table 1. Requirements of SPL in standards 

Standard Min. SPL* Min. 

SPL** 

Min. 

SPL*** 

TvMI 5. [4] 65 75 +5 

BS 5839-1 [16] 60, 65 75 +5 

NFPA72 [15] 
no specific 

value 
75 +5 

DIN VDE  

0833-3 [14] 
65 75 +5 

SPL=sound pressure level in dB(A)  

* in common areas 

** to rouse sleeping people 

*** above maximum ambient SPL of the 

background noise 

 
Figure 2. Evacuation elements as a function of time, 

Source: [13], transformed. 
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practice. This observation is supported by a report 

from February 2024, which predicts a large-scale 

growth of the market for soundproof doors in the 

coming years. The report by Impulse Insight [9] 

says: “The increasing demand for noise reduction 

solutions across various sectors, including 

commercial, residential, and industrial, is a major 

factor driving market growth. The rising awareness 

about the importance of noise control for a 

comfortable and productive environment is also 

contributing to the market expansion.”  

Last but not least, the furnishings in the room and 

the interior coverings of the space also play a major 

role in the extent to which the sound is attenuated in 

a space of the same size and geometry. 

It is not the purpose of this article to examine the 

conditions for fire escape in detail and in complexity, 

but it is worth at least reviewing what significant 

factors need to be taken into account in addition to 

ensuring adequate sound pressure levels: 

 the first important condition is that the fire in 

the protected area is detected by the automatic 

detector in its early stages or that someone 

presses the manual call point in time; 

 the signal from the alarmed detector or manual 

call point reaches the fire alarm control panel; 

 the fire alarm control panel activates the 

sounders in response to the fire alarm; 

 the occupant detects the audible alarm; 

 identify it as a fire alarm as quickly as possible; 

 and finally makes the decision to leave the 

location place to start the escape. 

 The temporal and spatial progression of this 

complex set of conditions is illustrated in Fig. 3. 

Successful escape, evacuating the occupants, is a 

complex problem. In addition to properly designed, 

implemented and operated technical solutions, one 

cannot forget the psychological aspect of the issue, 

which is both personal and social, and which is 

perhaps even more difficult to take into account. A 

fire alarm, as the 'auditory' delivery of a sound with 

a given frequency and pattern, by providing the 

appropriate sound pressure level, does not guarantee 

that a person will interpret this sound - as 

information - correctly and make the right decision 

to flee immediately. The human response can be 

influenced by a number of things, including: 

 the person's skills (e.g. quick situational 

awareness and decision-making),  

 physical and mental condition (e.g. disability),  

 the knowledge he/she have or lack (e.g. 

whether he/she has received adequate fire 

safety training),  

 previous experience (e.g., has he/she heard 

many false alarms),  

 attitude (e.g. whether he or she is a rule-

following person),  

 the impact of expectations (e.g. not leaving the 

workplace), etc. 

Among the components necessary for a successful 

escape, this article further investigate the issue of 

ensuring the sound pressure level, highlighting the 

interesting aspect of how doors of different materials 

and quality affect the propagation of fire alarm 

sound. The authors carried out tests, the results of 

which are evaluated and compared with the applied 

recommendations and design practices. The purpose 

of the paper is to draw attention to the fact that 

changes in the materials and solutions used in the 

construction industry can also affect the design 

practice of such a narrow and specialized field as 

designing fire alarm systems. The increasing 

soundproofing properties of interior doors is just one 

of many effects that affect fire alarm effectiveness. 

But this effect, looking at the market trend, has a 

large influence.  “Factors such as increasing 

demand for noise reduction solutions, technological 

advancements, and regulatory requirements are 

driving the market growth. Manufacturers are 

continuously innovating and developing high-

performance soundproof doors to meet the evolving 

needs of customers.” [9] 

 

 
Figure 3. Components of fire escape,  

source: own figure 
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II. THE EFFECT OF SOUND ATTACHMENT OF 

INTERIOR DOORS ON FIRE ALARM 

To support assumptions based on the authors’ 
experiences, sound pressure measurements were 

carried out of several interior doors to compare them 

with the 20 dB(A) equivalent used in planning the 

location of fire alarm sounders. The used layout of 

the measurement series shown in Fig. 4.  

The sound pressure level differences between the 

two measurement points (L1 and L2) are taken as the 

results of the measurements. 

The measurement, although similar to the 

measurement of airborne sound attenuation between 

two rooms according to the relevant standard [10], it 

is not the same. This measurement purposefully 

examined how the soundproofing effect of interior 

doors applies to the actual sound pressure level of the 

alarm sound generated by the typical sound alarm 

devices used in fire alarm systems. 

Specifications of the fire alarm sounder device 

used in the measurement (Fig. 5) [11]: 

 Type of fire alarm sounder: WES, W2-FPT-

CSS; 

 Manufacturer: Ramtech Electronics 

Limited; 

 Sound output: 88-109 dB depending on the 

setting (in this case 100 dB according to 

DIP setting 6); 

 Compliance with EN 54-3, EN-11, EN-25. 

 

Technical data of the sound pressure measuring 

device (Fig. 6) used during the measurement [12]: 

 Electric Noise Level Meter: UT352 (Uni-

Trend Technology Co.); 

 Sensor element: precision condenser 

microphone; 

 measuring range: 30÷130 dB    ; 
 accuracy: 1,5 dB (A); 

 Compliance with EN61326:1997+A1:1998 

+A2:2001 +A3:2003, EN61672-1:2002 

Class 2 and IEC60641:1979 Type 2, ANSI 

S1.4:1983 Type 2 

The measurement was carried out for a total of ten 

doors. The most relevant information and results are 

summarized in Table 2. The result of the 10th 

measurement was not used, as the door under test 

was installed but did not contain a seal, and the result 

is therefore not considered relevant.  

In the Table 2 the L1 value is the sound pressure 

level at the open door, 1 m from the sound source. 

L2 is the sound pressure level value at 1 m on the 

other side of the door.  

Door 6 had the lowest sound reduction, while 

Door 2 exhibited the greatest soundproofing ability. 

The glass sliding door of the printing room (No. 6) 

showed a sound pressure of only 21.1 dB(A), while 

the No. 2 aluminium-framed glass door showed a 

lower sound pressure of 43.7 dB(A) on the other side 

of the door.  

Figure 5. Used fire alarm sounder, source: 

own photo 

Figure 6. Used UT352 digital noise level 

measuring instrument, source: own photo 

 

 Figure 4. Examination of the soundproofing 

properties of interior doors in connection with 

the audibility of fire alarms, source: own figure 
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The doors with the smallest and highest sound 

attenuation are shown in Fig. 7. 

Evaluating the results of the measurements 

(Fig. 8), the authors concluded that even in the case 

of doors with not particularly high soundproofing 

properties, a higher sound pressure reduction should 

be expected compared to the value of 20 dB(A) used 

in the design (indicated by a red horizontal line in 

Fig. 8). 

The measured level of sound insulation was 

around 30 dB on average for all the doors tested.  In 

case of the older doors, it was slightly lower, 

averaging 28.8 dB(A), and for the newer doors it was 

somewhat higher, averaging 31.4 dB(A). 

Interior doors play a role in the complex 

perception of fire safety, as they delay the spread of 

fire in their closed state. However, in terms of the 

audibility of fire alarms, the opposite effect is true. 

Close doors have the potential to increase the ASET 

and therefore reduce the occupants' chances for 

escape. Although fire alarm sounders are designed 

with the assumption that the doors are closed, in 

reality some doors are regularly left open. In a 

domestic environment, for example, the probability 

of doors being closed has already been investigated. 

There is a higher probability (on average approx. 

60%) of doors being open in a house or apartment.  

[13] Of course, this is not the same value in the case 

of different building functions. 

III. CONCLUSIONS 

This article aim was to examine how the 

construction industry practice of the past decades, 

the new technological procedures and materials 

appearing because of the changed customer 

expectations influence the efficiency of sound alarm 

systems distributed according to traditional design 

practice.  

To what extent this trend affects the practice of the 

sound alarm system's designers. It is necessary to 

considering an important question among other 

things, whether the current design attitude needs to 

be changed or refined. Even though a sound pressure 

measurement must be carried out before handing 

over a completed system, proper design practice 

cannot be based only on verification with subsequent 

measurements. 

By carried out on-site measurements, it was 

verified that one of the design principles used in 

Table 2. Result of measurement for testing the fire 

alarm-related sound insulation properties of 

interior doors 

Door 

No., 

type* 

Room 

type 

Width 

of 

doors 

[cm] 

L1 

[dB] 

L2 

[dB] 

SPL 

diffe-

rence 

[dB] 

1. office 4 103.5 74.8 28.7 

2. office 4,5 104.3 60.6 43.7 

3. meeting 4,5 104.3 62.8 41.5 

4. kitchen 4 104.9 82.6 22.3 

5. corridor 4 105.2 76.8 28.4 

6. printer 4 106.6 85.5 21.1 

7. meeting 4,5 106.3 72.1 34.2 

8. meeting 4,5 105.3 80 25.3 

9. office 4 106 79 27 

10. vestiary 4,5 106.1 82.2 23.9 

* 1. decor foil, hollow inside /old 

2. aluminium door frame, glass insert/new 

3. aluminium door frame, glass insert/new 

4. decor foil, hollow inside / new 

5. decor foil, hollow inside /new 

6. decor foil, glass sliding door /new 

7. metal, glazed /old 

8. painted steel sheet door /old 

9. HDF wood panel covering, paper grid insert, 

glass/old 

10. decor foil, hollow inside, grey /new 

 
Door 6   Door 2 

Figure 7. Tested doors no. 6 and no. 2, 

source: own photo 

Figure 8. SPL differences between L1 and L2 

measure points, source: own figure 



Á. Zs. Mohai and B. Elek – Acta Technica Jaurinensis, Vol. 17, No. 2, pp. 84-90, 2024 

89 

engineering practice, is no more correct. The 

measurement results confirmed the assumption that 

the use of doors with better soundproofing in recent 

years may have a negative effect on the fire alarm in 

a building. The tests confirmed that the 

soundproofing properties of the doors should 

become more important information in the future, 

which has a strong influence during the design of fire 

alarm systems. In addition to the usual data services, 

the authors recommend the designers requesting this 

information (acoustic rating of the interior doors) in 

advance from the architect or checking it in the 

consignment plan. 

In addition, an interesting question is whether 

during operation the audibility of the fire alarm is 

considered in connection with the replacement of a 

door with a newer door with higher soundproofing 

properties. Given that the replacement of interior 

doors is not a permit-required conversion, awareness 

is expected from the facility manager and the 

maintainer of the fire alarm system. 
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Abstract: This paper focusses on the evaluation of stitch-based strain sensors suitability for the belt tension 

measuring and monitoring of load securing straps in road freight transportation. Formerly developed 

stitch-based strain sensor applications were embroidered on a commercial load securing strep, 

compliant with established industrial standards for load security in the Federal Republic of Germany. 

The applications were tested in lashing experiments, simulating the securing of a dummy load in road 

freight transportation. The experiment results showed that they are capable of measuring and 

monitoring applied amounts of belt tension with a computable change in stitch-resistance. However, 

cyclic belt tensioning causes strain wear on the stitched applications, resulting in resistance and 

sensitivity drift.    
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I. INTRODUCTION 

The proper utilization of narrow fabric load 

securing straps is essential for an effective cargo 

security concept in modern road freight 

transportation. Not properly secured load has been 

proven to be a high-risk factor in road traffic, causing 

fatal road accidents. [1] 

In recent years various research and development 

projects have successfully implemented stitch-based 

textile resistive strain sensors in various substrates, 

especially in medicine and healthcare applications. 

[2 - 3] However, the use of stitch-based strain 

sensors to monitor the belt tension applied to road 

freight transportation load securing straps has not 

been researched in depth so far.  

In a past conducted research work, two stitch-

based strain sensor applications were successfully 

developed to measure and monitor the strain induced 

elongation of different woven narrow fabric lashing 

straps. The stitch-based sensors enabled the strain 

measurement with the achieved level of strain 

sensitivity, depending mostly on the individual 

fabric’s deformation characteristics. However, the 

stitched narrow fabrics weak recovery 

characteristics have been found to be a crucial 

limiting factor for the developed stitch-based strain 

sensors recovery abilities. [4]  

Woven load securing lashing straps must provide 

good fabric recovery properties to be certified as safe 

for road transportation in the Federal Republic of 

Germany. With this main limiting factor expectedly 

less significant, strain measurement and monitoring 

may be an interesting use case for the former 

developed stitch-based strain sensors to possibly 

enhance road freight load security in future 

applications. 

II. BACKGROUND 

Load securing straps are woven narrow fabrics 

with attached fastening elements like metal hooks, 

ratchets, or rings. The straps are fastened and 

tensioned by an operator during the load securing 

procedure. During transportation a vehicle 

accelerating, braking, maneuvering or vibrating 

conducts dynamic acceleration force to the 

transported load. If the conducted acceleration force 

is great enough to exceed the loads grip on the 

ground, it may topple, fall over, hop, or move 

uncontrolled otherwise, causing damages to the load 

or even road traffic accidents. The load tensioned 

securing straps compensate the transport vehicles 

acceleration by exerting tensile force to the load. 

During load securing the necessary amount of belt 
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tension [daN] must be calculated concerning a loads 

individual mass, size, and shape. In the Federal 

Republic of Germany, the established industrial 

standards VDI 2700 and DIN EN 12195-1:2021 

describe proper calculation and documentation 

methods and means of securing procedures. [5 - 7] 

Those standards serve as benchmarks in legal 

jurisdiction to assess the correctness of load securing 

in the possible event of a legal claim, should 

transport damages to the load or a road traffic 

accident occur. [8]  

Woven load securing straps for road freight 

transportation must meet the proscribed 

manufacturing and safety requirements of the 

standard DIN EN 12195-2:2000 to be compliant with 

VDI 2700 and DIN EN 12195-1:2021. A standard 

compliant load securing strap must be labelled with 

its maximum Lashing Capacity (LC). The maximum 

Lashing Capacity (LC) is a safety limit for the 

maximum belt tension to be applied to a securing 

strap during normal use. The safety requirements for 

woven load securing straps proscribe that a strap 

tensioned to its labelled Lashing Capacity (LC) shall 

not elongate more than up to ε=7% in the direction 
of pull and shall show no permanent elongation or 

damages afterwards. This leads to compliant load 

securing straps being expected to show good fabric 

recovery abilities and resistance against permanent 

deformation at a level of applied belt tension below 

the labelled Lashing Capacity (LC). [9] VDI 2700 

strongly recommends to methodically measure and 

monitor securing straps belt tension during the 

ongoing transport to ensure the maintenance of the 

straps proper tensioning over long transport periods. 

[10] For measuring and monitoring securing straps 

belt tension, various analogue and digital 

measurement tools are commercially available. 

However, a full textile stitch-based strain sensor 

application integrated direct into a securing strap 

does not by now. 

Stitching techniques like sewing and embroidery 

are some of the oldest procedures to join and 

functionalize textile fabrics. A stitch is built by 

penetrating needle guiding a sewing thread thru a 

textile fabric. Modern CNC embroidery machines 

offer smart textile product developers a broad 

freedom in the design of aesthetic and functional 

stitched patterns. Textile products can be 

functionalized during various stages of 

manufacturing, enabling the stitch- based 

functionalization of pre-finished textile products like 

load securing straps. A stitch is commonly classified 

by established standards like ISO 4915:1991, 

concerning its loop formation and its geometrical 

properties like stitch length, width, and depth. [11 - 

13] 

A stitch made from one or multiple conductive 

yarns has a specific electrical resistance [Ω] in 
relaxed condition. Conductive yarns are mostly spun 

from myriads of single conductive staple fibres or 

filaments. A conductive piece of yarn can therefore 

be depicted not as an isotropic ideal conductor, but 

more as a conductive network of an infinitesimal 

high number of series and parallel circuiting single 

conductors, physically entangled with one another. 

In general, a piece of conductive yarns absolute 

electrical resistance [Ω] increases with its physical 
length. For a stitch, this means that its absolute 

resistance per meter is likely to increase dependent 

on the total length amount of stitched conductive 

yarn. The adjustment of stitch properties influencing 

the final length amount of stitched yarn therefore 

greatly influences a stitch’s absolute electrical 

resistance. [14 - 18]  

Depending on a stitches property like its width and 

density, sections of conductive yarn may touch or 

overlap at the substrates surface. Those physical 

contact points cause the stitched conductive yarn 

sections to short-circuit when not proper isolated. 

While a stitch’s overall absolute resistance is likely 
to increases with an increasing total length amount 

of stitched conductive yarn, a high concentration of 

short-circuiting contact points has been found to 

reduce it. A Stitch is therefore best depicted as a 

complex conductive network whose overall 

electrical resistance [Ω] in relaxed state is an 
equilibrium of the factors of yarn length to the 

concentration of short-circuiting yarn contact areas.  

When mechanical strain is applied to a stitched 

fabric, its deformation causes the stitches conductive 

network to shift. The resistance of a stitches 

conductive network changes due to its 

rearrangement, caused by the substrate fabrics 

elongation. Overlapping and cross sectioning yarn 

areas may separate from another and cross 

sectioning areas may shift in contact size and 

localisation. The short-circuiting contact areas 

eventually open, turning the conductive networks 

equilibrium to alter and the stitch’s absolute 
resistance to increase or to decrease. (Fig. 1) 

Figure 1. Schematic representation of short-

circuits resolving due to physical yarn separation 

The fabrics and stitches deformation may induce 

mechanical stress to the stitched conductive yarn as 

well, causing single spun conductive fibres to break 

or their conductive surface coatings to crack. A 

damaged conductive yarn may experience a drift in 

its resistive characteristics, therefore causing the 

whole stitch’s conductive network to alter. [19 - 25] 
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A measurable resistance change of a stitch-based 

strain sensor can be used to calculate the stitched 

fabrics elongation. The calculation method uses the 

sensors strain sensing gauge factor. The gauge factor 

K is a proportional factor depicting the sensors grade 

of resistance change in comparison to its elongation. 

(Eq. (1) – (3)) 

𝐾 = ∆𝑅𝑅0∆𝑙𝑙  (1) 

∆𝑅𝑅0 = 𝑘 ∙ ∆𝑙𝑙 = 𝑘 ∙ 𝜀 (2) 

𝜀 = ∆𝑙𝑙 = ∆𝑅𝑅0𝑘  (3) 

where K = gauge factor; R0 = Resistivity [Ω]; l = length [mm]; 

ε = elongation [%].    

The gauge factor is widely established in the use of 

commercial strain gauges and has been used in 

various past research to indicate a stitch-based strain 

sensors general level of strain sensitivity. Other 

important factors are a strain sensors linearity and 

especially its recoverability. [22, 26 - 28] A past 

conducted experiment suggested that a stitched yarns 

orientation angle in the applied strain force direction 

directly influences the strain sensors overall 

resistance and sensitivity drifting characteristics, due 

to the total amount of conducted mechanical stress 

likely being dependent on the yarn orientation. 

Therefore, it’s important to consider that a stitch-

based strain sensors sensing characteristics are the 

result of three main aspects interacting with one 

another. Those being the stitches conductive 

network shifting under deformation as well as the 

yarns drifting behaviour and the stitched substrates 

fabric deformation properties. [4]  

III. PROBE PREPARATION 

A commercial DIN EN 12195-2 compliant cargo 

load securing strap was chosen as a substrate for 

testing the stitch-based strain sensor applications. 

(Fig. 2) The chosen securing strap is named 

Ratschenzurrgurt 1000daN Orange in this report, 

after its original product name given by the supplier 

(Lasi24 GmbH, Rostock (GER)). The strap consisted 

of two narrow fabrics, connected with a supplied 

metal ratchet for belt tensioning and fixation. The 

belts technical specifications are given in Table 1. 

The stitch properties are given in Table 2 and 

illustrated in Fig. 3 – Fig. 7. All probes were 

embroidered with loose ends for contacting with a 

multimeter for resistance measurement.  

Table 1. Technical specification Ratschenzurrgurt 

1000daN Orange 

Belt pieces 
2 pieces (1* loose end and 1* fixed 

end) 

Total belt length 4000mm 

Fixed end length 500mm 

Loose end length 3500mm 

Belt thickness 35mm 

Belt width 2mm 

Fixation belt- 

attachment 
Metal hooks 

Belt fastener Metal ratchet 

Maximum Lashing 

capacity LC 
1000daN 

Elongation at 

Maximum Lashing 

capacity LC 

<7% 

Fibre Material 100% PES 

The Load securing straps were embroidered with 

two versions of an ISO 4915:1991 304-ZigZag 

lockstitch using a ZSK JCZA computer-controlled 

embroidery machine (ZSK Stickmaschinen GmbH, 

Krefeld (GER)). Both applications dimensions are 

illustrated in Fig. 3. Both stitches were developed in 

a research work prior [4] 

Table 2. Stitch properties 

Stitch Version 
Stitch 

density 

Stitch 

width 
Stitch depth 

ZigZag_V2_Axial 11 Stitches 

/10mm  
5 mm 0.9 mm 

ZigZag_Double_V2 8 Stitches 

/10mm 
0.8 mm 1.2 mm 

 

Figure 2. Narrow fabric surface image “Ratschen-

zurrgurt 1000daN Orange” 
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Figure 3. Stitch-dimensions 

 

Figure 4. Stitch properties ZigZag_V2_Axial 

 

Figure 5. Microscope image ZigZag_V2_Axial 

 

Figure 6. Stitch properties ZigZag_Double_V2 

 

Figure 7. Microscope Image ZigZag_Double_V2 

The chosen silver-plated yarn Amann Silver-

tech+150 (Amann&Söhne GmbH & Co.KG, 
Bönningheim (GER)) was successfully used to 

manufacture stitch-based strain sensors for 

measuring and monitoring lashing straps belt tension 

in a previous study. [4] The stitch version of 

ZigZag_V2_Axial was embroidered using only a 

conductive upper thread and the non-conductive 

yarn Amann ISA Tex 80 as a lower thread. In the 

version of ZigZag_Double_V2 the upper thread and 

the lower thread consisted of the conductive yarn 

Amann Silver-tech+150. (Table 3) 

Table 3. Yarn properties 

Yarn 
Fiber 

material 

Titer 

[dtex] 

Yarn 

resistivity 

[Ω/m] 
SIlver-

Tech+150 
100% PA 220 <300 

ISA Tex 80  100% PES 180 - 

IV. TESTING METHOD 

To judge the developed strain sensors usability for 

load securing applications it was decided to design 

experiments as close to a reality as possible. For 

testing the stitched applications capability to 

measure and monitor the applied belt tension, a 

cyclic tensioning experiment and a long-term lashing 

testing experiment were conducted. Both 

experiments were inspired by common use cases of 

load securing straps in road freight transportation.  

Two dummy loads, consisting of 7 wooden EN 

13698 compliant load carrier palettes (LxWxH = 

1200mm x 800mm x 140mm) were stapled onto one 

another. The total size of the two dummy loads was 

LxWxH = 1200mm x 800mm x 850mm. The dummy 

loads were exposed to climatization 20°C/65% rel. 
humidity for 24 hours in an accessible climate 

chamber together with the stitched load securing 

straps. After climatizing, the stitched load securing 

straps were used to lash 6 of the palettes onto the 

lowest seventh palette. (Fig. 8) The probes stitch 

applications were positioned free-floating 

approximately in the middle above the dummy 

loads’ length. The straps were orientated in the same 
direction while lashing so the stitch applications 

pointed in the same direction. Edge protectors made 

of cardboard were put between the lashing straps and 

the upper palettes edge to protect the straps from 

abrasion. (Fig. 9) 

 

Figure 8. Lashed dummy load  
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Figure 9. Positioned strain sensor applications 

 

Figure 10. Measurement of the probes electrical 

resistance (left) and belt tension (right) 

For fastening the strap’s attached metal hooks were 
hooked into the lowest wooden palette. The securing 

straps were tensioned using the attached metal 

ratchets. For measuring the belt-tension the belt 

tension measuring tool TENMET 500 (GWS®-

Schlobohm, Zeven (GER)) was used. The conductive 

stitches electrical resistance [Ω] was measured with 
a DMM6500 6 ½ Multimeter (Keithley Instruments 

Inc., Cleveland (USA)). (Fig. 10)  

The cyclic tensioning experiment was designed to 

simulate the multiple use of a functionalized load 

securing straps lashing down the dummy loads 

multiple times. The stitched lashing straps were 

successively tensioned from 0daN to 100daN and to 

200daN without loosening in between. The cycle 

was repeated 5 times in total. The stitch applications 

electrical resistance [Ω] was measured before 
tensioning as well as 30 seconds after reaching 

100daN and 200daN. At each cycles end the straps 

were loosened by opening the tensioning metal 

ratchets. Between every tensioning cycle the 10 

minutes were waited to give the woven lashing strap 

enough time for relaxation. Before and after every 

conducted tensioning cycle the stitch applications 

length was measured using a steel measurement 

ruler. This was conducted to detect a possible 

permanent stitch elongation. In each cycle the probes 

strain sensitivity measured by calculating the strain 

gauge factor.  

The described testing method didn’t allow a 
precise measurement of the narrow fabric elongation 

[ε] during the belt tensioning procedure. For 
reference unstitched probes of the used load securing 

strap were tested for their tensile strength according 

to DIN EN ISO 13934-1 with a Zwick Allroundline 

Z100 tensile testing machine, a 50kN Xforce K 

loading cell and a VideoXtens elongation transducer 

(ZwickRoell GmbH & Co. KG, Ulm (GER)). The 

tensile testing procedure was conducted using a 

50kN roller specimen holder Type 8564 (ZwickRoell 

GmbH & Co. KG, Ulm (GER)). For measurement 

data gathering the program TextXpert 3 was used. 

The tensile testing procedure was conducted by 

ZwickRoell GmbH & Co.KG. 

For reference testing 3 unstitched probes of the 

strap Ratschenzurrgurt 1000daN Orange were tested 

until rupture. From the gathered data the straps 

average elongation [ε%] was calculated at 100daN 
and 200daN applied tension force. The averaged 

elongation percentages were used for reference to 

calculate the probes strain gauge factors as an 

indicator for the strain sensitivity.  

The long-term lashing experiment was designed to 

simulate a load being lashed down for a long 

transport duration. The dummy loads were lashed 

down with 200daN applied belt tension. The lashed 

loads were left unmoved in the climate chamber 

under constant 20°C/65% rel. humidity climate 

exposure for 48 hours in total. The stitches electrical 

resistivity was measured after 12 hours, 24 hours, 36 

hours and after 48 hours alongside the belt tension. 

With this procedure the stitched applications ability 

to monitor the straps applied belt tension and 

possible belt tension loosening overtime were tested. 

All stitched applications lengths were measured 

before both experiments and 24 hours after 

completion in a 20°C/65% rel. humidity-controlled 

climate environment. For the length measurement a 

steel ruler was used. (Fig. 11)  

Figure 11. manual application length measurement 

It is important to note, that both experiments were 

conducted inside of a climate chamber and in a stable 

climate environment 20°C/65% rel. humidity to 

minimalize climate fluctuations for the duration of 

this research work. 
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V. RESULTS 

In this section the cyclic tensioning and the long-

term lashing experiment’s results are presented. The 
cyclic tensioning experiment’s results show that both 
stitch applications enable the measurement of the 

applied levels of belt tension by a distinctive change 

in electrical resistance [Ω].  

The reference tensile tests of the unstitched 

securing straps resulted in an averaged elongation of 

ε=0,57% at 100daN and ε=0,84% at 200daN applied 
tensile force. This elongation values were used to 

calculate the probes gauge factors during cyclic 

tensioning. In the first cycle the probes based on 

ZigZag_Double_V2 show an averaged gauge factor 

of 5,3 at 100daN and 8,71 at 200daN belt tension. 

The probes based on ZigZag_V2_Axial had an 

averaged gauge factor of 5,32 at 100daN and 7,25 at 

200daN belt tension. (Fig. 12 – Fig. 13) 

The probes of both stitches experience a cyclic 

electrical resistance drift and a cyclic sensitivity 

drift. The measured electrical resistance at 0daN, 

100daN, and 200daN belt tension increases after 

each conducted tensioning cycle. (Fig. 14 – Fig.15) 

The relative resistance drift related to the first cycle 

is shown in Fig. 16 and Fig. 17. The 

ZigZag_Double_V2 probes relative resistance drift is 

slightly higher than ZigZag_V2_Axial and both the 

absolute and relative drift curves indicate a 

comparatively more volatile resistance drifting 

behaviour. However, both applications show a 

largely similar positive electrical resistance curve 

progression. 

The sensitivity drifting behaviour deviates more 

significantly between both stitch applications than 

the observed electrical resistance drift. The 

ZigZag_V2_Axial based Probes display a strong 

gauge factor drop after the first conducted cycle. 

Between the following cycles the level of sensitivity 

remains then on a reasonable stable plateau. 

However, ZigZag_Double_V2 shows a much more 

volatile sensitivity drifting behaviour. 

During the long-term lashing experiment all 

stitched securing belts display a continued belt 

tension loosening. The straps belt tension loosening 

is accompanied by a decline of both stich 

applications electrical resistance. While the probes 

belt tension curve progresses in a similar regressive 

pattern, the electrical resistance curve progression 

pattern diverges. (Fig. 18 – Fig. 19) 

The probes based on ZigZag_V2_Axial exhibit a 

regressive electrical resistance curve progression 

during the experiment. The curves correspond well 

with the belt tension loosening curve progression. 

ZigZag_Double_V2 however shows an electrical 

resistance curve progression less regressive and less 

corresponding to the belt tension loosening.  

The conducted length measurements before and 

after both experiments indicate no clearly 

measurable permanent stitch deformation. However, 

all probes show a permanently increased electrical 

resistance in relaxed state. (Table 4 – Table 7) 

Table 4. ZigZag_Double_V2 – Cyclic tensioning 

experiment  

Probe A B C D E 

∆ l 0 0 0 0 0 

Ωl0 45.56 43.8 44.9 46.9 50.23 

Ω11 46.91 45.91 50.8 54.12 56.07 

∆Ω 1.35 2.11 5.9 7.22 5.84 

∆Ω [%] +2.95% +4.82% +13.14% +15.39% +11.63% 

Table 5. Cyclic ZigZag_V2_Axial - Cyclic 

tensioning experiment 

Probe A B C D E 

∆ l 0 0 0 0 0 

Ω0 2088 2157 2113 2024 2029 

Ω1 2159 2264 2248 2107 2111 

∆Ω 71 107 135 83 82 

∆Ω (rel.) +3.40% +4.96% +6.39% +4.10% +4.04% 

Table 6. ZigZag_Double_V2 – long-term lashing 

experiment 

Probe A B C D E 

∆ l 0 0 0 0 0 

Ω0 47.39 49.03 51.65 43.71 48,12 

Ω1 48.11 49.86 52.04 44.23 48.57 

∆Ω 0.72 0.83 0.39 0.52 0.45 

∆Ω (rel.) +1.52% +1.69% +0.76% +1.19% +0.94% 

Table 7. ZigZag_V2_Axial - long-term lashing 

experiment 

Probe A B C D E 

∆ l 0 0 0 0 0 

Ω0 2063 2119 2071 2099 2104 

Ω1 2079 2141 2108 2107 2121 

∆Ω 16 22 37 8 17 

∆Ω (rel.) +0.78% +1.04% +1.79% +0.38% +0.81% 
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Figure 12. Calculated Gauge Factor progression during the cyclic tensioning experiment – ZigZag_V2_Axial 

 

 

Figure 13. Calculated Gauge Factor progression during the cyclic tensioning experiment – ZigZag_Double_V2 
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Figure 14. Electrical resistance [Ω] progression during the cyclic tensioning experiment – ZigZag_V2_Axial 

 

 

Figure 15 Relative Electrical resistance [Ω%] progression during the cyclic tensioning experiment – 

ZigZag_V2_Axial 
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Figure 16. Electrical resistance [Ω] progression during the cyclic tensioning experiment – ZigZag_Double_V2 

 

 

Figure 17. Relative Electrical resistance [Ω%] progression during the cyclic tensioning experiment – 

ZigZag_V2_Axial 
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Figure 18. Electrical resistance [Ω] and belt tension [daN] progression during the long-term lashing 

experiment – ZigZag_V2_Axial 

 

 

Figure 19. Electrical resistance [Ω] and belt tension [daN] progression during the long-term lashing 

experiment – ZigZag_Double_V2 
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VI. DISCUSSION 

The conducted experiments results show that the 

developed Stitch applications ZigZag_V2_Axial and 

ZigZag_Double_V2 both enable the measurement 

and monitoring of belt tension, applied to a standard 

compliant load securing strap. Both probes displayed 

clearly distinguishable changes in the electrical 

resistance corresponding to different levels of belt 

tension. The cyclic tensioning experiment showed 

that ZigZag_Double_V2 provides a higher gauge 

factor compared to ZigZag_V2_Axial in every cycle 

and at every level of applied belt tension. However, 

in Comparison ZigZag_Double_V2 displayed a 

higher and more volatile sensitivity and relative 

resistance drift. However, though 

ZigZag_Double_V2 provides higher gauge factors, 

ZigZag_V2_Axial displays a less volatile cyclic 

sensitivity drift and therefore indicates better 

recovery properties in comparison. 

In the past conducted development work of the two 

stitch applications, a similar drifting behavior was 

found. The observed drifting behavior back then was 

suggested to be especially caused by the 

combination of the conductive yarns cyclic tensile 

wear, its orientation angle on the fabric surface and 

the tested narrow fabrics proneness for permanent 

elongation. [4] 

The load securing strap used in this conducted 

work however shows good recovery properties with 

no permanent elongation measurable. With this 

factor considered expelled the observed resistance 

and sensitivity drift is very likely to be driven mainly 

by cyclic tensile wear to the conductive yarn. 

ZigZag_V2_Axial has a higher stitch length and 

width than ZigZag_Double_V2. This results in the 

single stitch sections laying in a lower angle and in a 

less direct orientation towards the tensile force 

direction during belt tensioning.  

Due to the higher orientation, the conductive yarn 

is likely more exposed to mechanical stress, resulting 

in the spun silver-plated polyamide fibers 

experiencing more intense tensile wear. (Fig. 20) A 

fibers conductive surface coating cracking or loosing 

integrity otherwise due to mechanical wear is a 

commonly expected cause for conductive fibers 

electrical resistance permanently increasing and the 

strain sensitivity to alter is described by the so called 

Crack Modell. [19, 21] The myriads of single spun 

fibers cracking more severely due to 

ZigZag_Double_V2’s yarn higher tensile wear 
explains the increased and more volatile resistance 

and sensitivity drift compared to ZigZag_V2_Axial. 

This suggests that both developed stitch-

applications recoverability is limited by the used 

conductive yarns vulnerability to tensile wear, even 

in combination with a highly recoverable narrow 

fabric. Therefore, further modification of the stitch 

properties influencing the yarns orientation on the 

fabrics surface and the choose of yarn itself are 

expected to be key parameters for optimizing a 

stitch-based strain sensors recoverability in this 

special use case. 

Figure 20. Yarn orientation in tensile force 

direction (left: ZigZag_V2_Axial; right: 

ZigZag_Double_V2) 

From the long-term lashing experiment results can 

be conducted, that ZigZag_V2_Axial enables a more 

precise monitoring of the securing straps losing belt 

tension. The loss of belt tension can be explained by 

the fabric progressively rearranging under static 

deformation to relief tension. The VDI 2700 

mentions this behaviour as expectable for load 

securing straps and therefore strongly suggests 

ongoing belt tension monitoring over the transport 

time as a countermeasure. [10] 

The measured resistance drop of both stitch 

applications is likely caused by the fabric’s 
relaxation rearranging the stitches conductive 

network towards its former relaxed state as well. 

ZigZag_V2_Axial’s resistance curve progression 

corresponds especially well with the securing straps 

behaviour in comparison to ZigZag_Double_V2. 

Due to the high stitch density and stitch width, 

ZigZag_V2_Axial has a high concentration of short-

circuiting contacting yarn areas. When the fabric and 

the stitch rearrange towards their original relaxed 

state, former opened short-circuits may reconnect by 

yarn areas physically separated during fabric 

tensioning reconnect to one another. 

ZigZag_V2_Axials belt tension monitoring ability 

therefore likely benefits from the application’s high 
concentration of short-circuiting yarn sections 

opening and reconnecting, in comparison to 

ZigZag_Double_V2.  

The probes based on ZigZag_V2_Axial show a 

significantly higher absolute initial electrical 

resistance and higher absolute deltas in measured 

resistance [∆Ω] both conducted experiments, 

compared to ZigZag_Double_V2. This is likely 

caused by ZigZag_V2_Axial’s stitch properties 

(especially it’s high stitch density and length) result 
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in a bigger total length amount of conductive yarn 

being stitched onto the substrate.  

VI. CONCLUSION 

The results of this work suggest that both stitch-

based strain sensors enable the belt tension 

measurement and long-term monitoring of a DIN EN 

12195-2 compliant load securing strap. The 

conducted experiments were designed close to a 

practical load securing procedure to investigate the 

stitch-based strain sensors usability in this specific 

use case. From this viewpoint, ZigZag_V2_Axial is a 

promising candidate for future development 

attempts and iterations. ZigZag_V2_Axial in its 

current iteration is already capable to reproduce the 

fabric relaxation behavior of a load securing strap 

with a high degree of accuracy. The measured high 

absolute resistance deltas enable a precise distinction 

between different levels of belt tension. Both tested 

stitch-based strain sensor applications are vulnerable 

to cyclic resistance and sensitivity drift in their 

current iteration. This greatly limits the practical use 

in road freight transportation.  

However, the conducted experiments result 

strongly suggest that the choose of conductive yarn 

and the yarns orientation influencing stitch 

properties are the main parameters for further 

optimization. Using a yarn less vulnerable for tensile 

wear and further adjustment of the stitch parameters 

could possibly greatly enhance the stitch-based 

strain sensors recovery properties in future 

iterations. 

It's important to note that environmental 

interferences have been mostly left out for the 

experiments conducted in this research work. During 

road freight transport numerous interferences like a 

vehicle’s vibration, temperature changes or magnetic 
fields etc. can possibly greatly influence the stitch-

based strain sensors behavior and require special 

kinds of insulation or shielding.  

Those aspects must be considered and included in 

future experiments and research work. However, for 

better comparison of the results and especially due to 

limited technical possibilities concerning conducting 

the described experiments under controlled 

vibration, it was decided to exclude those factors 

from this conducted work. 

Test equipment with a more precise measurement 

of belt tension and electrical resistance [Ω] must be 
used to further refine and to validate the observed 

sensor characteristics. 

However, CNC-embroidery is a precise 

manufacturing technology with a high possible grade 

of automatization. A further developed and validated 

stitch-based strain sensor could become an 

interesting alternative for the cheap functionalization 

of load securing belts and to enhance road freight 

transportation security in the future.  
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