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ABSTRACT, KEYWORDS 

 

ABSTRACT 

This master’s thesis deals with a design of a device for measuring of chassis parameters  

of a race car (toe angle, camber angle, ground clearance, weight distribution) and which  

is afterward used for the chassis alignment. The introductory theoretical part introduces  

the most important chassis parameters, which have a significant influence on the behavior 

and maneuverability of the car and therefore they are most frequently the point of interest. 

The following chapter summarizes methods and equipment which are used for measurement 

of chassis parameters today and presents their advantages and disadvantages.  

The penultimate chapter of theoretical part is devoted to the general recommendation  

for measuring of vehicle’s chassis parameters and chassis alignment. The last chapter  

of the theoretical part introduces requirements for the equipment, whose design is the topic 

of this master’s thesis. The introduction of the practical part is devoted to a description  

of the design of two designed variants for measuring the chassis parameters of the vehicle. 

The following chapter describes the preparation and measurement procedure using  

the designed equipment. The next chapter is devoted to the selection of sensors and measuring 

devices. The conclusion of this chapter summarizes the approximate total cost  

of manufacturing of both designed variants. The last chapter consists of the stress  

and deformation analysis of the designed stands that are used to supports the car instead  

of its wheels. The conclusion of the master’s thesis summarizes the achieved goals  

and presents suggestions and recommendations for further development of the designed 

equipment. 
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ABSTRAKT, KLÍČOVÁ SLOVA 

 

ABSTRAKT 

Diplomová práce se zabývá návrhem zařízení pro měření parametrů podvozku závodního 

vozidla (sbíhavost/rozbíhavost, příklon/odklon, světlá výška vozu, rozložení hmotnosti), 

které následně slouží pro jeho seřízení. Úvodní teoretická část uvádí přehled nejdůležitějších 

parametrů podvozku, které mají podstatný vliv na chování a ovladatelnost vozu a které jsou 

tak nejčastěji předmětem zájmu. Následující kapitola shrnuje metody  

a zařízení, které se dnes pro měření parametrů podvozku využívají a uvádí jejich výhody  

a nevýhody. Předposlední kapitola teoretické části je věnována obecným doporučením  

pro měření parametrů podvozku vozidla a jeho seřizování. Poslední kapitola teoretické části 

uvádí požadavky na zařízení, jehož návrh je předmětem této práce. Úvod praktické části práce 

je věnován popisu konstrukce dvou navržených variant pro měření parametrů podvozku 

vozidla. Následující kapitola pak popisuje přípravu a průběh měření s využitím navržených 

souborů zařízení. Další kapitola je věnována výběru snímačů a zařízení pro měření. Závěr 

této kapitoly pak shrnuje přibližné celkové náklady na výrobu obou navržených variant. 

Poslední kapitolou je napěťová a deformační analýza navržené podpěry automobilu,  

která podepírá automobil namísto jeho kol. Závěr diplomové práce shrnuje dosažené cíle  

a zároveň uvádí návrhy a doporučení dalšího vývoje navržených zařízení. 

 

 

KLÍČOVÁ SLOVA 

Seřízení podvozku, závodní vozidlo, sbíhavost, příklon kola, světlá výška vozu, rozložení 

hmotnosti 
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INTRODUCTION 

 

INTRODUCTION 
A correct wheel alignment of a race car is one of many cogged wheels from imaginary 

gear train, which must fit ideally with each other to achieve a determined goal. Fight for every 

second, which determines the winner at the end of the race, takes place naturally mainly  

on the racing circuit. But thorough preparation of a car in pits can make the driver’s work easier 

and more pleasant so it can become one of the important steps on the way to the determined 

goal and to the victory in the race. 

Technicians, mechanics but also the drivers were, and they still are, concerned  

with correct wheel alignment and various experimenting from the very beginning of the racing 

because they know it may play the decisive role. The beauty of this alchemy is, that it is barely 

possible to find the perfect car’s setup because this issue is just a compromise among these  

and many other influences: influence of the parameters of the car, racing circuit, weather 

condition or just simply the driving style of a given driver. As another beauty, we can mention, 

that a car with better wheel alignment can be at the end faster than a car, which is more powerful 

but its chassis alignment is worse and simply cannot transfer its power to the road. This is  

the reason, why there is still a sense to deal with the chassis alignment with a goal of achieving 

optimal car’s setup. 

Facts mentioned in previous paragraphs justify why it is meaningful to be concerned  

with the development of an equipment, which will be used for chassis alignment of race cars. 

Of course, today already exist time-proven methods and equipment, which are capable reaching 

satisfactory accuracy with not too big time requirements. Yet, we cannot say probably never, 

that right now we have reached the top of the development (state-of-the-art)  

and from now it is not possible to invent something new and better. This is also one  

of the reasons for dealing with this topic in this thesis, whose goal is to make a research  

of nowadays used techniques for chassis alignment of race cars, assess this research and based 

on its results to determine parameters and qualities of the equipment, which would move  

the chassis alignment of race cars at least a small step forward. And this is the crucial goal  

of this thesis – to design such a device. 

An equipment, which will be designed, should meet all the requirements and needs  

of the racing teams. It should be as universal as possible, easily transportable between races  

and it should not be too heavy so the manipulation during measurements will not be  

too restricted. This equipment should also be available at an affordable price or at least it should 

be designed in various price variants. For loaded components (e.g. by a weight of the car),  

it will be desirable to perform stress and deformation analysis to verify the suitability  

of the proposed design. 
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1 BEFORE A RACE BEGINS 
As it was mentioned already in the introduction, races take place mainly on a race track, 

but very important and often also decisive role plays everything, what comes before the race 

itself. That is not only a building of the race car, but also its alignment in a garage, but primarily 

its testing and right alignment already on the race track which means a few days before the race 

starts. If a major problem or technical issue occurs during the race, it is often too late and all 

the effort and hopes are ruined during a very short moment and the next attempt to fix all  

the mistakes will come at the earliest in a couple of weeks when the next race will take place. 

Therefore, there is a good reason to be concerned with all the things which are done before  

the race itself, when the race team is already situated on the race track. 

 

1.1 FREE PRACTICES AND WHY THEY ARE SO IMPORTANT 

Race weekends on the circuits usually begins already on Friday, when the free practices 

take place. Practices often take place also on Saturday and after them follow qualification  

for the main race, which usually takes place on Sunday. 

At the very beginning of the first free practice, a driver usually drives only one lap  

and do so at a relatively moderate pace. This lap is called Installation lap and it is used primarily 

to verify that all components and systems work as it is required and during this lap driver often 

does a lot of specific procedures at his race engineer’s command [19]. 

As soon as the car comes back to pit after installation lap it follows immediately  

its detailed check. It is especially about checking of fluids leakage, damage of components  

or whether it is all tight, because some parts may be loose. Data are also analyzed, which were 

downloaded from the car data logging unit or sometimes it is also possible to check the data 

online even when the car is right on the race track. Samples of oil from an engine  

and from a gearbox are examined directly at oil supplier, which is present in its mobile lab 

directly on the racetrack. This is, however, the case only at the highest levels of motorsport  

(e. g. Formula One or World Endurance Championship). Results of oil’s examination can serve 

for a determination whether some component has excessive wear or it can point out the presence 

of a dirt in oil [19]. 

One part, which takes place also after the installation lap, is a tire inflation pressure check. 

If also this is correct, then the race car will go again on the race track and the free practice may 

start. This free practice is used mainly for finding a right setup for the car. On this place, it is 

reasonable to mention, that already before the beginning of the free practice the racing team 

should have at least a basic plan for this practice. This plan should help then to save precious 

time because quite often this practices usually last about 90 minutes. It is very limited period 

of time during which teams have to manage to do necessary changes to the setup, replace some 

components (due to lack of time, changes of components such as e.g. springs or different airfoils 

are done between practices, when teams have more time) and to run number of laps to check  

if the required change in car’s handling was achieved [19]. 

If we look at course of practice attentively, including looking at achieved times per lap 

and number of laps, which drivers spent at the track, we can easily see a scenario which repeats 

very often. At the beginning of practice drivers often drive just a few laps (around 5 laps)  
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and then they drive back to pits. After a small break, they go back on the track a do few other 

laps. For this short sections, it is usual that times for one lap are improved almost every time 

when the car goes from the pit. Later on, it follows a point, when the times are not improved 

anymore and instead they are worse. For this part of practice, it is also usual that drivers stay 

on the track for more laps than before. That two characteristic parts of practice are well 

recognizable. In the first part (driver stays on the track just for a few laps and times per lap are 

improved) teams deal with finding an optimal setup of the car for the qualification. The goal is 

to find the setup which will make it possible to reach the maximal performance of the car  

and so to achieve the best time in a very short period of time. The second part of practice (driver 

spends longer time on the track between stops in pit and times are not so good as before) is used 

to find a setup for the race itself where endurance of the car plays a decisive role than just  

a maximal performance, which is essential for the qualification [19]. 

Finding the right setup can be even bigger alchemy, because during the race weekend  

a more race series alternate on the track and the conditions may be so influenced (changing 

weather conditions are considered as a natural thing). This means in the first place the surface 

of the race track itself. On a Friday morning, the track is clean, without any rubber  

from tires, but completely different conditions may occur on Saturday before qualification.  

On Saturday, the track will be already “rubbered” from tires of other cars from other race series. 

And this means the setup which was found on Friday will not work properly on Saturday. 

Therefore, it is also essential to not forget this fact [19]. 

In the sections above, it was described the process of free practice and its purpose, which 

is very important part of the race weekend and it takes place before the race.  

Below, in the next paragraphs, there will be mentioned components, which are mostly adjusted 

and it will be also mentioned what these adjustments do [19]. 

 

1.2 MOST OFTEN ADJUSTED RACE CAR’S COMPONENTS DURING THE FREE 

PRACTICE 

Adjustment of different components or parameters is done on the basis of data which 

were obtained during the practice and also on the basis of discussion between the driver  

and his race engineer because it is essential to adapt the car to driver’s driving style. Some 

drivers prefer cars, which are more understeered and some prefer cars with more oversteering 

[19]. 

ENGINE AND GEARBOX 

In the case of the engine, we speak most often about updating of a software in a control 

unit, which will suit to given race track and actual conditions (e.g. weather) the most.  

At the same time, this software must be synchronized with gear ratios of a gearbox. 

In the adjustment of a gearbox, the most important step is the gear ratio. It has to be 

adjusted so, that with the first gear will be possible to reach the biggest acceleration  

from the slowest corner on the track. On the other side of the spectrum is the highest gear  

and this must have such a gear ratio that will make it possible to reach almost a maximal 

engine’s revs at the end of the longest straight of the track. Gears between the first  

and the highest gear should be evenly distributed so the engine will work most of the time  

in a field of the maximal power [19]. 
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If rules of race series limit the number of engines or gearboxes used during a one season, 

it is also quite common that teams change these components during the race weekend  

(they have engines and gearboxes for the qualification and for the race, and other engines  

and gearboxes for practices) and so they can reduce mileage of components which are used just 

in races and qualifications [19]. 

ANTI-ROLL BARS 

They are used to change a roll rate of the car. If we change the roll rate on an axle it will 

influence the weight transfer distribution of the car and so the handling of the car. There are 

two options how to change the roll rate of the anti-roll bar. First of them is to change the stiffness 

of the anti-roll bar itself – if roll bars with variable roll rates are available. The second option 

is to change the entire bar [19]. 

 

Fig. 1.1: Adjustable anti-roll bar [21] 

 

Fig. 1.2: Adjustable anti-roll bar [22] 

SPRINGS 

The roll rates can change also with the springs on a given axle and so they can be used  

to balance the oversteer or understeer. But even more important is their influence on a ground 

clearance of the car and mostly in the case of ground-effect race cars (cars which very efficiently 

use a small distance between the road and the bottom of the car to create a downforce; very 

simplified explanation – the lower the car is, the higher downforce we will get). But there is 

also a huge risk when the race car has a small ground clearance. The car with a small ground 

clearance can hit the ground (e.g. curb) and in this moment the downforce which is generated 

by the ground effect will be significantly reduced and thus the driver will lose the control  

of the car [19]. 

BALLAST 

The positioning of the ballast is simply used to optimize the weight distribution  

on the car and this leads to influencing of a weight transfer distribution between the axles [19]. 

WINGS 

There is a lot of ways how to adjust wings. We can adjust angle of attack of wings  

(the main element of the wing or also flaps are adjustable), the gap between the main element 

of the wing and flaps or we can simply use different wing, because for some circuits it is more 
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suitable to have a low-downforce configuration (Monza, Italy) and on the other hand there are 

circuits where we would prefer a high-downforce configuration (Monte Carlo, Monaco), see 

Fig. 1.3. Which configuration for a given circuit is the best one can be determined by using 

CFD simulations and wind tunnel testing [19]. 

Very simply explained: the steeper angle of the wing, the higher downforce we will have 

but on the other hand also higher drag will be generated. With changing angles of wings,  

we can move the car’s center of pressure that influences the balance of the car [19]. 

 

Fig. 1.3: Different angle of attack is well visible at rear wing [23] 

BRAKES 

One of the most important things which need to be adjusted on the race car is brake 

balance (brake bias). It is a ratio between braking force on the front and rear brakes and it is 

essential for the stability of the car during braking phase. General adjustment of brake balance 

is usually done in the pit but very often even the driver has the possibility to change the brake 

balance of the car directly from his steering wheel. Some drivers even change the brake balance 

among corners in a single lap (for example during qualification) [19]. 

 

Fig. 1.4: Formula One steering wheel with brake balance control [20 - edited] 
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TIRES 

Tires are always alfa and omega of racing. The goal is to keep the pressure  

and temperatures in a range which is defined and recommended by a manufacturer of tires.  

In the case of race tires, it plays a decisive role because in the moment when the temperature  

of tires is out of the specified range (too cold or too hot), the tire stops to work as it is expected 

and the level of a grip drops dramatically. It is also necessary to keep the contact patch area  

as big as possible to increase the grip [19]. 

 

Fig. 1.5: Different tires used in Formula One in 2012 [24] 

As we can see, there is a lot of things, which need to be done before the race car can go 

on the race track. On top of that, everything is happening in a rush and so it is necessary  

to use the time efficiently. Because of that, it is convenient to automate or at least to apply 

simple processes to operations, which can be so simplified. 

Since the preparation of the race car is a very complex issue, this master’s thesis will deal 

in the first place with correct chassis alignment of the race car. The goal is to design  

an equipment, which will simplify measuring of parameters like toe angle, camber angle  

or ground clearance, and to make it all faster. These parameters have a decisive influence  

on the car’s behavior and so it is necessary to check and adjust them so, that the car will be 

capable of using its full power and the driver will have no troubles with the driving of the car. 
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 2 PARAMETERS OF CAR CHASSIS 
Car’s chassis has a decisive influence on the behavior of a car on a road,  

its maneuverability, stability, and predictability. It is an essential element which takes part  

on driving force transfer from vehicle’s engine to the road. Therefore, it is necessary to spend 

a lot of time with chassis alignment and this relates to common passenger cars, but much more 

to race cars where comfort does not play the main role to the detriment of total performance  

of the car on the race track where it is always just a one goal – to achieve the best time.  

The finding of a proper chassis setup is a difficult issue and it places demands on a wide 

spectrum of knowledge in areas of kinematics, vehicle dynamics but also vehicle aerodynamic, 

which also must be taken into account, due to influences of aerodynamic forces on a weight 

distribution and ground clearance during the ride. 

In the following chapters, the most important and the most often adjusted parameters are 

described, with whose help it is possible to influence ride characteristics of the vehicle.  

 

2.1 CAMBER ANGLE 

It is an angle between a central plane of the wheel and a plane which is perpendicular  

to the road. The perpendicular plane is parallel to the line of an intersection, which is defined  

as the intersection between central plane of the wheel and the road, see Fig. 2.1 (camber – γ). 

Camber has a great influence on a side force which can be transferred between the road  

and the wheel and so on transverse dynamics of the car. We talk about positive camber when 

the wheel is tilted in the outward direction, if in the inward direction – negative camber.  

With negative camber on the wheel, that is on the outside of the turn, the camber side force is 

generated and this leads to improvement of transverse behavior of the axle. For reasons of good 

side force transfer, the wheel should never tilt in the direction of positive camber. Bigger 

camber angle can cause bigger rolling resistance and tire wear. Usually, the camber angle is set 

from -2° to 0° [1]. 

Correct adjusted camber angle prevents uneven tire wear (in the case of incorrect camber, 

there are two possibilities of wear: negative camber – inside wear; positive camber – outside 

wear). Unequal camber on the left and ride side of the car cause pulling of the car to the side 

with the more positive camber [17]. 

 

Fig. 2.1: Camber angle [1] 
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2.2 TOE ANGLE 

It is an angle between intersections of the central plane of the wheels with the road  

and with a steering angle equals 0°. We distinguish between toe-in and toe-out. Positive when 

the top of the angle points to the driving direction (toe-in). 

The toe angle influences the straight ride, the behavior of the car in the corner  

and the chassis alignment. The lowest tire wear and rolling resistance are connected  

to the exactly forward-rolling wheel. Often it is set a lower static toe-in angle and this provides 

higher stability during straight ride [1]. 

 

2.2.1 TOE-IN 

It is defined as a difference of rim tips in the front section of the rim and in the rear section 

of the rim. Toe-in means that the distance of the front rim tips is smaller than the distance 

between rear rim tips [1]. 

 

2.2.2 TOE-OUT 

Similar definition as the toe-in. The only difference is, that the distance of the front rim 

tips is bigger than the distance between rear rim tips [1].  

In the following picture is the definition of the toe angle illustrated. 

 

Fig. 2.2: Toe angle [25] 

 

2.3 CASTER ANGLE 

We consider side view on the car as it can be seen in Fig. 2.3. Caster angle τ is then 

defined as an angle between the steering axis and perpendicular to the road. It is defined  

as positive if the steering axis tilts backward. Thanks to caster angle and steering axis  

of inclination is a body of a car during cornering raised – generating of a moment which sets 

the steering wheel back to straight direction. The caster angle produces on outside wheel  

in the corner negative camber and this leads to improvement of side force transfer. It is also 

important to mention, that the caster angle should not change a lot with the movement  

of the wheel up and down because the change in caster angle causes at the same time also  

a caster trail change [1]. Different caster at left and ride side of a car causes pulling the car  
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to the side of the smaller caster. Small values of caster cause sensitive steering and instability 

at high speeds. On the other hand, too big values of the caster angle cause difficult steering  

(it requires a lot of effort) [17,25].  

 

Fig. 2.3: Caster inclination and Caster trail [1] 

 

2.4 CASTER TRAIL 

Again, we consider side view on the car. Caster trail n (Fig. 2.3) is then defined  

as a distance between the intersection of the perpendicular with the road which passes through 

the center of the wheel and intersection of the steering axis with the road. Caster trail is positive  

if the intersection of the steering axis with the road is in front of a tire’s contact point  

on the road. It is a very important parameter for the stability and keeping in the lane. Caster trail 

secures with a help of side force moving the steering wheel back to the straight direction  

at the end of the corner. With bigger steering angle the caster trail is being reduced [1]. 

 

2.5 STEERING AXIS OF INCLINATION 

Often named also as a king pin inclination. It describes an angle between the steering axis 

and perpendicular to the road, see Fig. 2.4 (steering axis of inclination – σ).  

 

Fig. 2.4: Steering axis of inclination and scrub radius [1] 
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Steering axis is an axis around which the wheel rotates during the cornering. Steering axis 

is usually defined by two points – upper and lower swivel joint. The inclination of the steering 

axis is usually in the direction backward and inward for the reasons of keeping the car stable 

and to secure self-returning of the steering wheel to a straight direction. A position  

and the inclination of the steering axis is defined by a scrub radius rs (Fig. 2.4), caster angle τ 

(Fig. 2.3) and caster trail n (Fig. 2.3). The positive inclination of the steering axis means that 

steering axis is tilted inward. The distance between the steering axis and central plane  

of the wheel should be kept low so the lever arm of the forces acting on the wheel is as small 

as possible [1]. 

 

2.6 SCRUB RADIUS 

It describes the distance between the intersection of steering axis with the road  

and intersection of the central plane of the wheel with the road. The scrub radius value is 

positive when the intersection point of steering axis with the road is inside of the center  

of the contact patch, if the point of intersection is outboard then it is the negative scrub radius. 

Scrub radius is described in Fig. 2.4 as rs. 

Thanks to the negative scrub radius during µ-Split braking the steering moment  

and so the steering angle are generated and these counteract to a yaw moment (it is generated  

by braking with µ-Split) and so it is vehicle stabilized.  

The scrub radius can be different for different wide of tires. If the scrub radius is small, 

then the steering is less sensitive to braking inputs [1]. Negative scrub radius reduces following 

effects: brake pulsation, bumps, and forces related with front-wheel-drive on the steering.  

For race cars is more common a positive scrub radius. With bigger values  

of scrub radius, the driver can feel bumps or brake pulsation better [18]. 

 

2.7 STATIC RIDE HEIGHT 

It has also a big importance in the case of car chassis alignment. Often it is also named 

just as a ground clearance. Ride height influences camber, toe and aerodynamic forces which 

act on the car. This means that in the case of changing of springs or adjusting of torsion bars  

it is necessary to check the chassis alignment to prevent high tire wear or unexpected behavior  

of the car due to changes in camber and toe angles [2]. 

Ride height is often measured as a distance between a rocker panel and a ground.  

The difference side to side should not be bigger than 2 cm, just only in case, when the car is 

used on the track with turns predominantly in one direction (NASCAR series), it is allowed 

adjusting different ride height on the right and left the side of the car. Rules for racing cars  

with ground-effect often specify a flat or partially flat underbody. In that case, the flat plane  

of car’s underbody can be used for measuring of ride height (ground clearance). For measuring 

of ride height, it is also possible, in some cases, to use a bottom suspension arm [2,3].  
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Fig. 2.5: Ground clearance [2] 

 

2.8 INCLUDED ANGLE 

It is simply defined as a sum of angles of the steering axis inclination and the camber 

angle. It is not possible to measure the included angle directly. Included angle is greater  

than the angle of steering axis inclination in the case when the camber is positive, if the camber 

is negative then it is included angle smaller. Included angle must be always the same side  

to side. Even when the camber is different side to side, the included angle is the same.  

If it is not the same, then it indicates, that something may be bent – most often the steering 

knuckle [2]. 

 

 
Fig. 2.6: Included angle [4] 
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2.9 THRUST ANGLE 

It is an angle which is defined as an angle between an imaginary line perpendicular  

to the car’s rear axle and the car’s longitudinal axis (plane). When a value of the thrust angle is 

0° then front axle should be parallel to the rear axle. And so also the wheelbase on the left  

and right side should be the same. It is one of the also very important angles for correct chassis 

alignment. When the thrust angle is not equal to zero it can likely denote a damage on the rear 

axle or wrong chassis alignment on the rear axle. This angle should be checked right after even 

a small collision [15,16]. The incorrect thrust angle may cause that car behaves differently when 

turning to the right or to the left [25]. 

 

 

Fig. 2.7: Thrust angle and thrust line [25] 
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 3 METHODS AND EQUIPMENT FOR CHASSIS ALIGNMENT 
Equipment for right car’s chassis alignment is necessary not only for racing cars but also 

for common passenger cars. Equipment for a technical inspection and chassis alignment  

of passenger cars are only exceptionally suitable for racing purposes. Its disadvantage,  

in the case of using it for race car purposes, is its rather large construction, which it is not 

convenient for frequent transport among races and its dimensions also usually do not fit space 

conditions, which prevail in racing facilities. When we consider racing, the fight for the best 

time happens almost always on the race circuit, but the time, that it is available for race teams 

to adjust car’s suspension or to make other necessary changes on the car, is often also restricted 

and so it is essential that the equipment for car’s chassis alignment should be capable of quick 

getting ready to use. Adjustment of that equipment for the given car should be also fast, we also 

require quick and easy usage and as last, but not less important, this equipment should be 

capable of disassembling as fast as its mounting on the car. Only so it can be saved some time 

to make other important tasks, which are necessary for achieving the best time on the race 

circuit. This all shows the difference in requirements for equipment for chassis alignment  

of race cars and common passenger cars. 

In the following paragraphs are chosen and described devices, which are used for car’s 

chassis parameters measuring, how each equipment works, what it is its principle of measuring 

and what are their advantages and disadvantages and if they are suitable for race cars. 

 

3.1 EQUIPMENT USING MECHANICAL PRINCIPLES 

By using this equipment, which has a mechanical measuring principle, we usually get  

the value of a distance or an angle from direct reading it from the ruler, protractor 

(inclinometer), water level or similar equipment. Other parameters, which cannot be directly 

measured, can be calculated from already known parameters afterward. Examples of this 

equipment and their usage for different measurements are listed below.  

 

3.1.1 TOE ANGLE MEASUREMENT 

Well known and until today still often used in racing (maybe even the most often) is  

so called string method for measuring of the toe angle. It is quite easy and fast method, which, 

however, requires being precise otherwise big inaccuracies can occur. For this method,  

it is necessary to have just two thin pieces of a string, which are put one on each side of the car 

at the height of a wheel hub and they have to be parallel to each other and also they should be 

parallel also to longitudinal plane of the car, which goes through the center of the car.  

These strings must be attached to a suitable stand so they will not move in case of pulling  

the strings tight and they should be as close to the car as possible, but without touching any part 

of the car. It is also essential to park the car on flat, even ground. After this, it is possible  

to measure the perpendicular distance between the strings and the front and rear edges of each 

wheel. With a help of this distances, it is simple to calculate the angle of the wheel that is 

pointing to – in or out. Toe angle can be measured directly with the wheel with the tire or more 

precise results could be achieved with special supports which are mounted instead of wheels  

as you can see in Fig. 3.2 [5]. 
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• Advantages: extremely cheap, simple process of measuring, universal for all kinds of cars 

• Disadvantages: vulnerability to inaccuracies (due to measurement on a uneven surface, 

incorrect reading of values on the ruler, uneven tire inflation), lengthy measurement 

preparation 

 

Fig. 3.1: Toe angle measuring [6] 

 

 

Fig. 3.2: Toe angle measuring with special supports instead of wheels [8] 
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3.1.2 CAMBER MEASUREMENT 

Conditions for measuring of the camber angle are the same as for measuring of toe angle. 

It means we must park the car on the flat, even ground with wheels pointing straight ahead.  

It is also necessary to have something as a big metal square or L-shaped metal ruler which 

should be as big as tire diameter or even bigger, but in no case smaller. Then it is essential  

to place the square or metal ruler so, that the center line of wheel hub goes through the square 

or ruler and this ruler or square is perpendicular to the ground (see Fig. 3.3). After that, we just 

measure distances A to D (perpendicular distance between the uppermost point on the rim D 

and point on the square which is at the same height from the ground A), B to C (perpendicular 

distance between the lowermost point on the rim C and point on the square which is at the same 

height from the ground B) and A to B (vertical distance between points A and B on the ruler), 

as shown in the Fig. 3.3. With knowledge of this distances, we can calculate the camber angle 

γ according to the equation below, where AD is upper horizontal distance for camber 

measurement, BC is lower horizontal distance and AB is vertical distance: 

 
𝛾 = 𝑎𝑟𝑐𝑡𝑔 (

𝐴𝐷 − 𝐵𝐶

𝐴𝐵
) (3.1) 

  

 

 

• Advantages: very cheap, no special equipment is needed, simple process of measurement 

• Disadvantages: vulnerability to inaccuracies (measurement must be done on an even 

surface, ruler must be perpendicular to this surface), accuracy depends on the carefulness 

of reading measured values on the ruler, need of calculation of the camber angle  

after measurement of distances 

Another easy way how to measure the camber angle is using a special camber board, 

which is equipped with a digital inclinometer (Fig. 3.4) and so can be the angle measured 

directly as it can be seen in the picture below. To get right results, the board must be 

perpendicular to the ground and the vertical plane of the board must go through the center  

of the wheel hub. 

Fig. 3.3: Camber angle measuring [7] 
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• Advantages: still very cheap, very fast measurement, high accuracy due to using of a digital 

inclinometer, simple and straightforward process of measurement 

• Disadvantages: it is necessary to control the perpendicularity to the ground otherwise 

inaccuracies may occur 

 

Fig. 3.4: Camber angle measurement with so-called camber board [11] 

 

3.2 EQUIPMENT USING OPTICAL OR ELECTRICAL PRINCIPLES 

Rather sophisticated and very advanced device for measuring car’s chassis parameters is 

PKW HD-10 EasyTouch (racing version PKW HD-10 Racing Plus) made by German 

company Koch-Achsmessanlagen, which is suitable for common passenger cars, but it is also 

available as a version for racing purposes. The difference between racing version and passenger 

car version is only in the way, how devices are attached to the wheels. Race cars often do not 

have enough free space between the tire and a mudguard for attachment of measuring device 

as it is seen in the picture below. 

 

Fig. 3.5: Passenger car version [9] 

 

Fig. 3.6: Racing car version [9] 

It is a device, which is attached directly to the wheels of the car (possibility to measure 

the wheels up to 22”), and therefore may occur inaccuracies during the measuring due  
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to deformation of tires, their incorrect inflation. Access to important components, which are 

located behind the wheels and are necessary for chassis alignment, is limited. Changes  

on the car’s setup between each measurement are so very complicated [9]. 

The device uses for measuring inclinometers and lasers. With the help of lasers and toe 

gauges, it is possible to measure toe angle, with the help of inclinometers is measured camber 

angle, caster angle and steering axis of inclination. Before measuring it is essential to correctly 

inflate tires, the car is put on turning wheel plates, which allow the car’s wheels to rotate 

together with rotating of the steering wheel. Afterward, it is already possible to attach  

the measuring equipment on the wheels and to calibrate them. After these steps,  

the measurement can start and it is very fast (the whole process should take around 10 minutes). 

When it is necessary, it is possible to buy in addition weight scales for determination of a weight 

distribution on each wheel [9].  

The advantage is primarily very fast mounting (it is not necessary to lift a car or remove 

the wheels), fast calibration, quickness, and simplicity of measurement, using of a digital 

inclinometer makes the reading of measured values easy. Another significant benefit is  

an automatic calibration of inclinometers and thanks to this function, it is not needed to have 

perfectly horizontal floor or wheel plates. Last advantage is power supply from a battery, which 

so improves the practicality of device. One of the disadvantages is, as mentioned already before, 

attaching the device directly on car’s wheels, which easily results in inaccuracies  

in measurement and restricting an access to components behind the wheels that are used  

for alignment of race car’s chassis. Another disadvantage is also the manual reading  

of measured values from inclinometers or toe gauges [9].  

 

Fig. 3.7: Racing version of car’s chassis alignment device from Koch-Achsmessanlagen [9] 

• Advantages: ease and rapidness of mounting, fast calibration, battery power supply 
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• Disadvantages: mounting directly on wheels (restrict access to important car’s components  

and possibility for inaccuracies in measurement to occur – due to incorrect tire inflation  

or tire wear), some inaccuracies may occur also due to measuring on an uneven surface 

 

Fig. 3.8: Detail of rear wheel with measuring device for racing purposes, Koch-Achsmessanlagen [9] 

The next device for measuring of chassis alignment is a device from the company 

Beissbarth, also from Germany. This company produces devices, which work on very different 

measuring principles. They use CCD cameras, contactless measurement (infrared lasers) or 3D 

ways of measurement [10]. Unfortunately, these devices are rather unsuitable for racing 

purposes (they can be mostly used just for common chassis alignment, regular checks  

and services of passenger cars in workshops), because their construction is primarily designed 

for workshops and not for transport among race weekends. Therefore, it follows only a brief 

description of each device with the corresponding picture.  

The reason, why it is worth mentioning on this place even devices like that is that these 

devices are using very interesting measuring principles and if they could significantly reduce 

their size in the future, it will be possible to consider using them even for racing purposes. 

Non-contact wheel alignment (Touchless) 

It is very comfortable and quick way how to measure a wheel alignment. The technician 

does not even need to get off the car. He just must position the car between the sensor heads. 

The measurement is then very fast for all four wheels and for measuring are used infrared laser 

projectors and cameras (two cameras in each of the sensor heads). Measurements can be done 

without clamps or electronic components attached to the wheels. The whole measurement 

process can be controlled by the technician from the car [10]. 



BRNO 2017 

 

 

29 
 

METHODS AND EQUIPMENT FOR CHASSIS ALIGNMENT 

 

 

 

Fig. 3.9: Touchless wheel alignment [10] 

3D Wheel Alignment 

Another device for wheel alignment from company Beissbarth is its 3D Wheel Alignment 

device. It uses 12 cameras, which leads to fast and efficient alignment. It does not require  

any deep knowledge in the field of wheel alignment because the whole process is controlled  

by a computer. It only needs to attach measuring boards to wheels and these boards are equipped 

with special points that are recognized by cameras during measurement. Installation of boards 

and measurement is so easy and simple, that the whole measurement should be done  

within 60 seconds. It delivers results with a high and repeatable accuracy of ± 2 angular minutes 

[10]. 

 

Fig. 3.10: 3D Wheel alignment with 12 cameras [10] 
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CCD Wheel Alignment 

Last way, how to measure wheel alignment, is using of CCD sensor technology. Heart  

of this system are digital CCD cameras with high-tech sensor technology and with 20° field  

of vision. This method is also very precise and it is possible to achieve repeatable accuracy  

of ± 2 angular minutes. It is suitable for small workshops but not for racing purposes [10]. 

 

Fig. 3.11: CCD Wheel Alignment from company Beissbarth [10] 
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 4 CHASSIS PRE-ALIGNMENT PROCEDURES 
In the previous chapters were mentioned and described basic and the most important car’s 

chassis parameters, which have to be checked, measured and optimally aligned for achieving 

optimal chassis alignment of the race car. As next, there were presented also different methods, 

which are mostly used today for measuring these parameters. The last, but not least, it is 

important to mention few procedures, which have to be done before the start of measuring 

chassis parameters and their following alignment. These procedures are valid for alignment  

of the car with wheels, but also without wheels (the car stands on special support stands instead 

of the wheels) 

 

4.1 TIRES 

About tires, we can say, that in the case of race cars they are alfa and omega of everything. 

Their right inflation has a decisive role and only in the case of correct inflation it is possible  

to fully utilize the potential of car’s construction and chassis alignment for the given race track. 

That is the reason why it is essential to check right inflation even in the moment of chassis 

alignment of the race car (in the case, when we do chassis alignment with the wheels mounted 

on the car – this means the car is not put on special metal supports instead of wheels which is 

also very common way how to do very precise chassis alignment, but the best way to achieve 

the most precise results is to use e.g. metal wheels which have the same diameter as tires  

and so we do not have to consider deformation of tires). Correct inflation of tires secures 

required rolling of tires and so elimination of undesirable rolling resistance (when the car is  

on the track) and thanks to correct inflation it is also achieved optimal and desired ground 

clearance during chassis alignment [12]. During inflation of tires, it is also necessary  

to remember that tires heat up during the ride and so also the pressure inside the tires rises.  

This pressure is obviously different (higher) to initial pressure, which was set when the car was 

in the garage and the tires were cold. This is also the reason, why e.g. we can see often rally 

drivers how they adjust the right pressure in already warm tires just a few minutes before  

the start to a special stage. 

It is also necessary to check the uneven wear of tires inside, outside or even in the middle 

of the tread. This uneven wear could cause incorrect alignment of camber angle or toe angle 

[12]. 

Paying attention to right dimensions of tires is also one of the things we usually should 

consider because also they could influence ground clearance and then also chassis alignment 

[12]. Therefore, it is appropriate to do measurements always with the same tires (same 

dimensions, inflation or even with the same level of wear). In the case we would use for chassis 

alignment tires with the same tire width but with different aspect ratio or with different wheel 

diameter, the results of measurements would by misrepresented. 

 

4.2 RIDE HEIGHT 

Angles of all chassis parameters (camber, caster, toe etc.) are always specified for given 

ride height (ground clearance) so it is obvious how important role it plays. It does not make  
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a sense to do chassis alignment in case if the ride height is not identical with height which  

we would like to have during the race. 

Many components and conditions have an influence on the right alignment of the ride 

height. Some of them are listed below. 

• Improper tire size or inflation 

• Springs (different length, broken, weakened or sagged) 

• Weight distribution 

• Aerodynamic forces at high speed 

Influence of inappropriate size of tire or its wrong inflation was mentioned already  

in the previous section. 

In the case of springs, some problems could occur. The most often it is the usage  

of different springs, which have different heights and this differences do not have to be obvious 

just with a glimpse and this may cause an easy substitution and the ride height will change 

immediately. Another complication can be a damage of the spring and due to this, the spring is 

weakened or sagged [12]. Sagging of springs may be caused also by wear of springs  

and so it is usually necessary to check their state and corresponding ride height. 

At every measurement and alignment of chassis, it is also essential to measure weight 

distribution and an overall car’s weight. Overall car’s weight change can be caused by adding 

additional weight to the car. Additional weight is used sometimes in some race series for winner 

and few other drivers from the previous race or for leading drivers of a given championship. 

Thereafter, chassis alignment should be adjusted to actual weight change. When we are talking 

about weight distribution, it is also essential to consider driver’s weight. Therefore, the chassis 

alignment should be always done with the driver sitting in the car or at least with appropriate 

weight. The last point is the influence of fuel’s weight. It is hard to generally say if it is better 

to consider the car with a full tank of fuel or with just a half. This mostly depends on race 

strategy of each team.  

Last influence, which we have to consider, is the effect of the aerodynamic downforce.  

This force can change the weight distribution, which acts at wheels of the front and rear axle, 

especially at high speed. This distribution always depends on the adjustment of given car’s aero 

package for the given race track and on driver’s requirements, but in no way, we cannot neglect 

this effect. If we want to achieve an optimal car’s setup for the given race track, we have  

to consider this factor. The acting of this force causes changes in ground clearance  

in dependence on actual car’s velocity [13]. This means, that setup, which was made  

in the garage for the given ride height, will not work at higher speeds in a such way  

as we intended in case we had neglected acting of the aerodynamic downforce. We can simulate  

the influence of the downforce by adding an appropriate weight to the given axle. 

 

4.3 GENERAL COMPONENT INSPECTION 

Prior measuring and following chassis alignment of a race car, it is also necessary to pay 

attention to checking of components, which may influence measurement and so devaluate 

following car’s chassis alignment. 
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These components may be weakened or in a different way damaged by their long usage. 

In the case that these components are not changed or repaired as soon as possible, then it makes 

chassis alignment useless and at the end, all this may result in early damage of other parts [12]. 

Therefore, all components, which have the influence on chassis alignment, should be at least 

briefly checked and in the case of suspicion to a defect, they should be changed precautionary. 

An experienced mechanic should be able to recognize a possible defect just with a glimpse  

or with a quick check just by a hand.  

List of components which should be checked most often [12]: 

• Stabilizer bar 

• Strut shafts 

• Steering linkage 

• Bushings 

• Ball joints 

• Tie shaft 

• Wheel bearing play 

• Dampers 

• Springs 

 

4.4 CHASSIS ALIGNMENT ORDER 

 

Fig. 4.1: Chassis alignment order [14 - modified] 

In the case of race cars, the most commonly adjusted parameters are toe and camber 

angles and ride height. However, it is important to mention, that adjusting of toe angle should 

be always one of the last operations during chassis alignment because this parameter is 

influenced by changes in other parameters. 

The whole process of chassis alignment and the reason why it is useful to start from rear 

camber angle is given by relationships and dependencies among all parameters [14]. However, 

the sequence of operations shown in Fig. 4.1 is not binding, and it also depends on the habits  

of the race team and on the given race car, which is being aligned.  

Rear 
Camber

Rear Toe -
Thrust

Front 
Caster

Front 
Camber

Front Toe
Verify All 

Values



BRNO 2017 

 

 

34 
 

REQUIREMENTS ON A WHEEL ALIGNMENT DEVICE FOR RACING PURPOSES 

 

 5 REQUIREMENTS ON A WHEEL ALIGNMENT DEVICE FOR 

RACING PURPOSES 
Before the start of designing of own, new equipment for a wheel alignment for race cars,  

it is useful to determine, based on research and own proposals, how the ideal equipment  

and device for the race car’s chassis alignment should look like and which features it should 

have. Designed equipment, which will be described in the following chapters should be as close 

as possible to the described imagination which is summarized and listed in the points below.  

• The device should by designed so, that it will not be necessary to calibrate it. It should 

be capable of calibrating itself automatically and immediately after the start  

(e.g. inclinometers can calibrate themselves so it does not play any role if the car stays 

on a little bit uneven ground). When the calibration should be made manually,  

then it has to be so simple and quick as possible. 

• The device should be designed so, that mounting to wheels or wheel hubs is maximally 

fast, easy and reliable. In the case of mounting to wheels, it should be ensured to not 

scratch the rims. At the same time, the design must be as universal as possible, so it is 

possible to attach it easily to wheels of different diameters or to wheel hubs  

with a different number of screws and with different screw pitch. 

• In the case of attaching the device to the wheel hub, it is also essential to ensure,  

that the device is capable of carrying the whole weight of the car. 

• It must be also easily transportable – ideally, but not necessary in the luggage 

compartment of the passenger car so it is possible to do the wheel alignment anytime 

and anywhere. 

• The device should use batteries instead of a direct power supply from an electrical grid. 

It will be possible to use this device without any dependence on access to the electrical 

grid or in the case of electricity blackout.  

• The device should be designed as a wireless so it will improve the manipulation with it. 

• The whole device should not contain too many sensors or different devices  

for measuring. The goal is to prevent creating unnecessary errors in the measurement 

chain, because the more devices we have, the more likely an error occur. Of course,  

we must have enough devices to measure all necessary parameters of the car’s chassis; 

this means we have to make a compromise. 

• The device should be user-friendly and the user should get a record of the measurement 

at the end (as a digital file or as a printed document). This record should contain  

an information about the initial measured values and values of following measurements.  

It would be also useful to make possible to write down notes about changes, which has 

been made on wheel alignment and which led to new measured values. 

• It would be also advantageous to choose such sensors, which use for the reading  

of measured data a computer. All the measured data could be processed in one place  

(on the computer). It would be also a good solution, to program a special software  

for the reading of all measured data in one place. 

• The last, but not least, the device should be not very expensive, rather for a reasonable 

price so it is affordable also for smaller race teams or for racing enthusiasts. 

Although the above-mentioned requirements for the designed equipment are important, 

it will be necessary to achieve a certain compromise within the frame of design to meet  

at least some of the requirements. 
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 6 DESIGN OF MEASURING DEVICES 
In the following chapter, it will be described a design of devices for measuring of chassis 

parameters in detail. Two different versions were designed. The main difference is in a way 

how a tow angle is measured. In both versions, special car stands are used. These stands are 

mounted on the car instead of wheels. This prevents a creating of measuring inaccuracies which 

may be caused by a deformation of tires, unequal tire inflation or by a different tire wear. Using 

this stands is also very convenient in comparison with measurement devices which must be 

mounted directly on the wheels because stands give free access to all chassis components which 

need to be adjusted. 

 

6.1 DESIGN OF THE FIRST MEASURING SET 

The design of the first measuring equipment is shown in the Fig. 6.1 below. Height-

adjustable stands (Fig. 6.1a) are mounted to the car which is placed on the weight scales  

(they must be leveled horizontally). Because it is essential to do all the measurements  

on the leveled surface, weight scales are placed in height-adjustable scale pads (Fig. 6.1b) 

whose design was also part of this master’s thesis. Fig. 6.1c shows measuring tripod stand 

which is placed in front of the car (tripod stand behind the car is the same) and which is equipped  

with line lasers, measuring rulers and with small cross levels. The last and necessary part  

of a measuring device shown in this picture is a device for ground clearance measurements 

(Fig. 6.1d). All above-mentioned subassemblies are described in detail in following paragraphs. 

 

Fig. 6.1: View of a complete measuring assembly   
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6.1.1 STAND 

The main task of the stand (Fig. 6.2) is to secure a supporting of the car instead  

of its wheels and to secure mounting of the holder of lasers and inclinometer in its place.  

One stand consists of 9 parts and fasteners and it is designed so, that it must be able to carry  

the load of 400 kg (this results in an overall load capacity 1600 kg). 

Connecting head (Fig. 6.2a) is made of aluminum alloy EN AW 6082 (chemical 

composition: AlSiMgMn) from company ALFUN s.r.o. [26]. This alloy has following 

mechanical properties: yield strength Re = 240 MPa, tensile strength Rm = 300 MPa.  

It is characterized by a very good machinability and very good weldability. Connecting head is 

connected to the wheel hub with the help of 5 holes, which are bored at top of the connecting 

head. Hole pitch, the number of holes and their diameter always match the given car.  

In the case of the stand in the Fig. 6.2 is the hole pitch 114,3 mm and holes have diameter  

13,5 mm. That are connection dimensions of e.g. Mitsubishi Lancer Evolution. In the middle 

part of the connection head are bored 4 holes with thread M3.5 which are used for mounting  

of a small steel sheet metal (Fig. 6.2b) which is made of steel S235JR, also from company 

ALFUN s.r.o. Chosen steel has following mechanical properties: yield strength Re = 235 MPa, 

tensile strength Rm = 360 – 510 MPa. There is a milled groove (40 x 10 x 4 mm) in this sheet 

metal, which is used for the connection of lasers' holder with the help of neodymium magnet, 

which is able to carry a weight of up to 7 kg. Connection head has 3 rows of holes with diameter 

11 mm (Fig. 6.2c). A distance among each row of holes is 25 mm and each hole in the given 

row is moved 5 mm up or down relative to its adjacent hole. This gives us the possibility  

of a height adjustment in a range of 65 mm. Thanks to this, the stand can be adjusted  

to the height, which almost corresponds to the ride height of the car which stays on its wheels 

with tires. This secures a fairly accurate measurement of the car’s ride height. The stand is 

designed in such a way that the minimum distance from the base (ground, surface of weight 

scales), on which stand stands, to the connecting head’s center hole is 280 mm (this allows  

us to use the stand e.g. for the car which has wheels with following tires: 175/60 R14; a distance 

from the base to the center of the wheels is 282,8 mm), the maximal adjustable distance is  

345 mm (this allows us to use the stand e.g. for the car which has wheels with following tires: 

245/35 R20; a distance from the base to the center of the wheels is 339,75 mm). 

 

Fig. 6.2: Stand without lasers and inclinometer 
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Connecting head is also equipped with a groove (Fig. 6.2c), which makes height 

adjustment easier. 

Another part of the stand is a pair of sheet metals (Fig. 6.2d.), which are bent in the form 

of the letter L and they are reinforced by a rib. This reinforcement forces formation of big 

deformations. It is used the very same material as in the case of connecting  

head – EN AW 6082. At the top of the sheet metal are bored 2 pairs of holes with diameter  

11 mm, which are used for attachment to connecting head. This attachment is made with help 

of 2 bolts M10 (grade 12.9) and 2 nuts M10 (grade 12.9). Each of these sheet metal is also 

attached to a base sheet metal (Fig. 6.2e). The base sheet metal is also made of aluminum alloy  

EN AW 6082. On the shorter sides of the base sheet metal are bored holes with thread M12, 

which are used to attach of small shafts (Fig. 6.2f). On that shafts are attached support rollers 

(Fig. 6.2g). 

The small shaft is made of steel S355JR from company ALFUN s.r.o. Its mechanical 

properties are following: yield strength Re = 355 MPa, tensile strength Rm = 470 – 630 MPa. 

For this shaft was chosen a little bit better material with a higher value of yield strength because 

it is the most loaded part of the whole assembly. At the end of the shaft, there is turned a groove 

for a retaining ring, which secures the support roller at its place. 

Support rollers attached to small shafts secure free movement of the stand (car’s chassis) 

and so it is forced the formation of inaccuracies during measuring thanks to deformations. 

Support rollers come from the company SKF and their exact designation is 1747 A. In fact, 

support rollers are almost the same as needle roller bearing or simple roller bearing – support 

rollers are just designed for higher loadings (SKF 1747 A has following basic static load rating: 

C0 = 27 kN; for comparison – normal bearings have approx. C0 = 13 kN)  and for a smaller 

speeds of rotation. Therefore, the chosen support roller is suitable for this application. 

In the following pictures are shown some components of the stand in detail. 

 

 

Fig. 6.3: Connecting head 

 

Fig. 6.4: L-shape sheet metal with rib 
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Fig. 6.5: Small shaft for support roller 

 

Fig. 6.6: Small sheet metal for attachment of 

holder of lasers 

  

6.1.2 STAND WITH HOLDER OF LASERS AND INCLINOMETER 

In the following picture (Fig. 6.7) it is shown the stand already with the holder of lasers  

and inclinometer. 

The holder of lasers and inclinometer (Fig. 6.7a) is made of ABS material on a 3D printer. 

It has 2 circular holes for attachment of lasers with calibration sleeves (Fig. 6.7b). Lasers are 

secured against undesirable movement with locking head (Fig. 6.7c). Locking heads are 

screwed in metal thread inserts which are attached in the plastic holder. 3D printer must be set 

up for adding the smallest possible layer of material. This will lead to achieving the highest 

possible accuracy of the holder.  

 

Fig. 6.7: Stand with holder of lasers and inclinometer 
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In place of the inclinometer’s (Fig. 6.7d) attachment (front wall of the holder) will be 

created a square hole with a depth of 1,5 mm. In this hole, it will be glued a small iron sheet 

metal (Fig. 6.9a). This sheet metal will be used for attachment of the inclinometer  

because its back wall is equipped with a magnet. 

The whole holder of lasers is attached to stand by a precisely machined neodymium 

magnet (Fig. 6.7f), which can carry a weight of up to 7 kg (it was mentioned already before). 

The shape of magnet matches to groove in the small sheet metal for attachment. The magnet is 

attached by bolts to connecting arm (Fig. 6.7e), which is made of aluminum alloy EN AW 6082. 

The connection arm is on the second end attached with the help of bolts to the holder.  

On this connection place is holder equipped also with metal thread inserts. Using the precisely 

machined magnet for attachment of holder to stand secures strong and precise attachment. 

Another advantage is a very simple and comfortable manipulation. 

 

Fig. 6.8: Connecting arm 

 

Fig. 6.9: Holder of lasers and inclinometer 

  

6.1.3 MEASURING TRIPOD STAND 

A very important part for measuring of the toe angle, but also for leveling scales  

and their pads is measuring tripod stand (Fig. 6.10). It is also essential for the alignment  

of the whole measuring set with a longitudinal plane of the car.  

The tripod stand consists of a main and at the same time the longest aluminum profile 

with the length of 2500 mm (Fig. 6.10a) (cross-section dimensions are 45 x 45 mm)  

from the company Bosch Rexroth. In the case when the length of the profile is not long enough 

for a given car, then it is possible to replace it with a longer profile, but the selected profile  

with the length of 2500 mm should be long enough for the most of common race cars. 

As next, tripod stand consists of 3 profiles with the length of 500 mm (Fig. 6.10b),  

1 profile with the length of 250 mm (Fig. 6.10c) and profile with the length of 95 mm  

(Fig. 6.10d). Profiles are attached together with the use of fasteners from company Bosch 

Rexroth. The whole assembly of profiles stands on 3 height-adjustable legs (Fig. 6.10e), also 

from company Bosch Rexroth. For leveling of tripod stand, it can be used 3 small cross water 

levels (Fig. 6.10f) or for even more accurate leveling it can be used digital water level, though 
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the use of small cross water levels should be enough and it will not increase the cost  

of the whole set. 

An important part is a fixed laser’s holder (Fig. 6.10g,h). It is made with the help  

of the 3D printer from ABS material. The laser is placed into holder together with its calibration 

sleeve and undesirable movement of the laser is secured with the locking head. Locking head 

is screwed in metal thread insert. Lower laser’s holder (Fig. 6.10g) is used for leveling of scales, 

upper laser’s holder is used for aligning of tripod stand with the longitudinal plane of the car. 

Both of the holders are attached to aluminum profiles with the same locking head as the lasers 

with calibrating sleeves (they are screwed in metal thread inserts again). It is also worth 

mentioning that after the scales are leveled it is possible to move the lower holder in the position 

of the upper holder and so we do not need 2 very same holders. 

 

Fig. 6.10: Measuring tripod stand 

Another part is the horizontally movable holder of the aluminum profile (Fig. 6.10i). 

Against undesirable movement, it is secured with locking head, which is attached to the back 

wall of the holder. This holder is also made of ABS material and it is printed on a 3D printer. 

On the front wall of the holder, it is made a small square hole. This hole is used for positioning 

of holder in the desired position – aluminum profile with the length of 2500 mm will have  

on its surface a sticker in a form of a ruler and so it will be possible to determine the exact 

distance of the movable holder from the middle of the tripod stand (from the longitudinal plane 

which goes through the middle of the car).  

There is a height-adjustable holder of laser which is attached to aluminum profile  

(Fig. 6.10j). This holder is made of ABS material on a 3D printer. Securing of the laser  

with its calibrating sleeve is the very same as in the case of previously mentioned laser’s holders 

– locking head in metal thread insert. 
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A very last part of the tripod stand is a ruler (Fig. 6.10k) for the toe angle measurement  

and its holder. Both parts are made of ABS material. Ruler’s holder is printed on the 3D printer 

and the ruler itself is made of commercially available ABS board. Designated shape of the ruler 

will be cut from the board. After cutting process, a sticker of the ruler will be applied to this 

board. Holder with the ruler is on the aluminum profile secured at its position with the locking 

head. 

Detailed pictures of some parts, which were described in previous paragraphs,  

are shown below. 

 

Fig. 6.11: Ruler, ruler's holder, height-

adjustable holder with laser 

 

Fig. 6.12: Holder of laser which is placed in the 

middle of tripod stand 

 

 

Fig. 6.13: Measuring tripod stand from behind 
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6.1.4 SCALE PADS AND GROUND CLEARANCE MEASUREMENT EQUIPMENT 

Last and integral part of the whole measuring set are weight scales, height-adjustable 

scale pads and equipment for measuring ground clearance (Fig. 6.14). Scale pads are commonly 

available, but there are 2 reasons, why it is more convenient to design and produce own scale 

pads. First reason is, that production of own scale pads is cheaper and the second reason is,  

that these scale pads are used as an import part for measuring of the ground clearance. 

Scale pad consists of 10 main parts in total. The frame of scale pad is made of 2 shorter 

side walls (Fig. 6.14b) and 2 longer side walls (Fig. 6.14c). They are attached to each other  

with 8 bolts M8 (grade 8.8). During assembling of scale pad’s frame, a base sheet metal  

(Fig. 6.14a) is placed in its place. This base sheet metal is additionally (from the bottom) 

reinforced with narrow sheet metal, which is attached to longer side walls in the middle  

by a pair of bolts M8 (grade 8.8) on each side (Fig. 6.15a). All above-mentioned parts are made 

of aluminum alloy EN AW 6082 from company ALFUN s.r.o. Furthermore, longer side walls 

have in the bottom drilled holes with thread M10 for attachment of height-adjustable legs  

(Fig. 6.14d). In the picture below it is also shown a model of weight scales (Fig. 6.14e)  

from company Proform. 

 

Fig. 6.14: Scale pad with equipment for measurement of ground clearance of the car 

Measuring of ground clearance and its changes during chassis alignment are done  

with following components. In one of the longer side walls of scale pad is drilled a set of holes 

with thread M3.5. The distance between centers of holes is 16 mm, which is enough to secure 

the accuracy of ground clearance measurement (it will be explained in the following chapters). 

Holes’ centers are located at the very same height as the upper surface of weight  

scale – so the measured value of ground clearance is always the actual value of ground 

clearance. In one of that holes, a measuring shaft (Fig. 6.14i) is screwed in (it is made of steel 

SR235JR from ALFUN s.r.o.). Further, for the measurement is utilized a suction cup for sports 

camera (Fig. 6.14f) which is also often used on race cars. The holder of distance sensor  
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(Fig. 6.14g) is attached to suction cup by a bolt. Holder is made of ABS material on a 3D 

printer. This holder is height-adjustable in a range of 50 mm and it is equipped with two  

on each other perpendicular flat walls. That walls can be used for alignment of distance sensor 

before the beginning of measuring. This alignment can be done with a common water level. 

Last and the most important is a draw-wire displacement sensor (Fig. 6.14h) from company 

Micro-Epsilon. A wire has at its end a small loop (diameter 4,5 mm) and this loop is attached 

to measuring shaft. The sensor is attached to its holder with 3 bolts M3.5 which are screwed  

in metal thread inserts of the holder. The measurement of the car’s ground clearance can be 

done continuously.  

 

Fig. 6.15: Scale pad from bottom 

 

6.2 DESIGN OF THE SECOND MEASURING SET 

The second set of devices and equipment for chassis alignment is shown in Fig. 6.16.  

 

Fig. 6.16: View on a complete measuring assembly   
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Some of devices and equipment are identical to the first set (scale pads with weight scales 

and a set of equipment for measuring of ground clearance). Partly identical are also height-

adjustable stands (Fig. 6.16a). Only measuring tripod stand (Fig. 6.16b), which is  

in the case of this measuring set just in front of the car, is smaller. On the first sight,  

the measuring set is very similar to the previous one, on the second sight it is much smaller  

and also measurement principles are quite different. Small dimensions of the whole set offer 

very simple manipulation and it has also small storage requirements. 

Components, which are different from the ones in the first measuring set (stand  

and measuring tripod stand), are described in following chapters. 

 

6.2.1 STAND WITH HOLDER OF DIGITAL COMPASS AND INCLINOMETER 

As it was mentioned a few lines above, the stand is partly identical with the stand  

from the first measuring set. Stand itself is completely identical (identical with the stand  

from Fig. 6.2) – the main difference is the holder of sensors (Fig. 6.17a). Holder in this 

measuring set is designed for selected sensors and it is also made of ABS material on the 3D 

printer. For measurement of the toe angle will be used a high accuracy digital compass  

(Fig. 6.17b) from company Ocean Controls. This compass is designed to withstand  

a magnetically noisy working environment (it is capable of withstanding influences  

of hard-iron and also soft-iron environment → it uses hard magnetic and soft magnetic 

algorithms to maintain course accuracy [27]). This compass is placed in the holder and it is 

secured with locking head (Fig. 6.17c) against undesirable sliding out. Locking head is screwed  

in the metal thread insert. The same thread inserts but just in different size are used  

for attachment of holder with connecting arm (Fig. 6.17e), which is further attached  

to the neodymium magnet as in first measuring set and this magnet works as precise and fast 

attachment of sensors to the stand, which is able to carry a weight of up to 7 kg.  

 

Fig. 6.17: Stand with digital compass and inclinometer 
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The connecting arm is made in a longer version for this measuring set to further ensure, 

that there will be no inaccuracies caused by a soft-iron or hard-iron environment.  

The last component, attached to the holder, is inclinometer (Fig. 6.17d), which is attached  

to the holder by a bolt M3.5, which is also screwed in a thread insert. 

Because it is necessary to have a digital compass connected directly to a computer  

for data reading, the inclinometer (from company Sitall) with data reading also via computer 

was chosen for this measuring set. This will secure a more comfortable data reading.  

The same applies also in the case of the draw-wire displacement sensor which is used  

for the ground clearance measurements and which also needs a computer for data reading. 

In the following picture (Fig. 6.18), it is shown an assembly of the holder, digital 

compass, and inclinometer from a different angle of view. 

 

Fig. 6.18: Set of sensors attached to their holder 

 

6.2.2 MEASURING TRIPOD STAND  

Measuring tripod stand in Fig. 6.19 is significantly smaller in comparison to measuring 

tripod stand from the first measuring set. It consists of 2 aluminum profiles with the length  

of 500 mm (Fig. 6.19a), 1 aluminum profile with the length of 250 mm (Fig. 6.19b)  

and aluminum profile with the length of 95 mm (Fig. 6.19c). Analog to the first measuring set, 

profiles are attached together by fasteners from company Bosch Rexroth and also profiles 

themselves are from that company. Tripod stand stands on 3 height-adjustable legs (Fig. 6.19d), 

which are also from company Bosch Rexroth and their main task is to level up the stand. Small 

cross water levels (Fig. 6.19e) are used for fast and reliable leveling up. For more accurate 

leveling it could be used a digital water levels (if available). 

For measuring of the toe angle (for this measurement are used digital compasses attached 

to holders on stands) it is necessary to determine a reference value towards which the toe angle 

on the right or the left side will be measured. Therefore, it is essential to place the digital 

compass exactly in the direction of the longitudinal plane of the car, whose direction will be 

used as mentioned reference value. This is done by attaching of compass’s holder  

(Fig. 6.19f) on the shortest aluminum profile of the tripod. Holder is in its place secured  
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with the locking head. The digital compass (Fig. 6.19g) is placed in the holder and secured 

against sliding out also with locking head. For the positioning of the compass accurately  

in the longitudinal plane of the car, it is necessary to position the tripod so, that an axis  

of the digital compass is parallel to that plane. For that reason, it is used a line laser in calibration 

sleeve (Fig. 6.19i) which is attached to its holder (Fig. 6.19h). The process of determination  

of the longitudinal plane of the car and process of orientation of the tripod stand with digital 

compass parallel to that plane will be described in chapter 6 Preparation and measurement 

procedure. 

 

Fig. 6.19: Small measurement tripod stand 

It is possible (and even desirable) to place the laser’s holder together with a laser  

before the beginning of measuring on the place of digital compass’s holder and so the laser can 

be used for leveling up of weight scales and their scale pads.  

 

Fig. 6.20: Detail of compass's holder with digital compass 
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6.3 EQUIPMENT FOR CAR’S LONGITUDINAL PLANE DETERMINATION 

An absolutely necessary condition, for correct chassis alignment (toe angle or camber 

measurement), is the correct determination of the longitudinal plane of the car. For this 

determination, it is possible to use most of the aforementioned components such as stands  

and tripod stands in front of the car/behind the car. Referring to Fig. 6.21, it may appear,  

that the measuring set is identical to the first measuring set. It is so, except for a single difference 

and that is a ruler (Fig. 6.21a) attached to the stand instead of the holder with lasers  

and inclinometer. In the case of the first measuring set, only holder of lasers and inclinometer 

is replaced by the ruler.  

In the case of the second measuring set, it is necessary to use a longer tripod stand, which 

is similar to the tripod stand from the first measuring set – it is essential that laser’s beam strikes 

the ruler at the stand. 

 

Fig. 6.21: Measuring set with rulers for longitudinal plane determination 

 

6.3.1 STAND WITH RULER 

Stand in Fig. 6.22 is, of course, identical to stand from the first and also the second 

measuring set. The very same is also the small steel sheet metal with groove, which is used  

as a universal connecting element for all measuring equipment and the same is valid also  

for the situation in Fig. 6.22. Here again, a neodymium magnet (Fig. 6.22c) is used to attach  

the ruler to the sheet metal on the stand. The ruler is pushed in its holder (Fig. 6.22b), which is 

printed on the 3D printer from ABS material. The ruler is secured in its place by a bolt, which 

is screwed in a metal thread insert. The ruler itself (Fig. 6.22a) is made of a common ABS 

board, from which a ruler of the desired shape and dimensions is cut. A sticker in a form  

of a ruler is then placed on that board very precisely and carefully. 
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Fig. 6.22: Stand with ruler 

 

6.3.2 TRIPOD STAND FOR LONGITUDINAL PLANE DETERMINATION 

In the Fig. 6.23 it is shown a tripod stand, which is used for the determination  

of the longitudinal plane for the second measuring set. As it can be seen, it is almost identical  

to tripod stand used in first measuring set. The differences are just missing rulers and their 

holders. This tripod stand will be used just and only for the determination of longitudinal plane 

of the car for the second measuring set. For the chassis alignment, it will be used the small 

measuring tripod stand (Fig. 6.19), which will be oriented parallel to the longitudinal plane  

of the car with the help of line laser.   

 

Fig. 6.23: Tripod stand for determining of longitudinal plane of the car (second measuring set) 
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6.4 HEIGHT-ADJUSTABLE RAMP 

A simple height-adjustable ramp (Fig. 6.24) was designed for an easy ride onto leveled 

scales. The main part of the ramp is an aluminum sheet metal (Fig. 6.24a) which is bent  

on edges and in the middle. Ends of the sheet metal are cut. Holes are drilled at one end  

of the sheet metal and a horizontal support shaft (Fig. 6.24b) is inserted into the holes.  

This shaft is made of steel. At the ends of the horizontal support shaft are drilled small holes 

for inserting a cotter pin. The cotter pin secures, that vertical support shaft (Fig. 6.24c)  

with a threaded hole for the height-adjustable leg (Fig. 6.24d) will stay attached  

to the horizontal support shaft. The vertical support shaft is also made of steel.   

 

Fig. 6.24: Weight scale with height-adjustable ramp 



BRNO 2017 

 

 

50 
 

PREPARATION AND MEASUREMENT PROCEDURE 

 

 

 

7 PREPARATION AND MEASUREMENT PROCEDURE 
In the following chapter, it is in detail described a procedure of the measurement for both 

measuring sets that were designed and all steps which need to be done before the measurement 

starts. The process of weight scales leveling and determination of the longitudinal plane  

of the car is identical for both sets, therefore it is described only once. 

 

7.1 WEIGHT SCALES LEVELING 

To obtain the most precise results of the measurement, it is always essential to level  

up the scale pads with weight scales. For the leveling the weight scales we will use tripod stand 

which has in its middle a laser with a horizontally oriented beam (Fig. 7.2) and with the beam 

angle of 90°. 

But as first, we must level up the tripod stand by using of 3 height-adjustable legs.  

For this leveling up we use 3 small cross water levels. If a digital water level is available  

we check the level with it, but it is not necessary. Afterward, we place laser targets with scale  

on the weight scales. Then we can turn on laser whose beam now strikes on the laser targets 

with scale. Scale pads are equipped with 4 height-adjustable legs, that are used for leveling  

up the scale pads and so the weight scales. 

The process of weight scales leveling is so finished and now we can place height-

adjustable ramps next to the scale pads and drive the car on the weight scales. Subsequently, 

we lift the car with hand operated jack, wheels are removed and replaced with stands.  

Stands should by adjusted so, that they match the size of the wheels and the tire profile.  

This adjustment is important for ground clearance measurement.    

 

Fig. 7.1: Weight scales leveling 
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Fig. 7.2: Laser projection 

 

7.2 CAR’S LONGITUDINAL PLANE DETERMINATION 

A correct determination of the car’s longitudinal plane is a key step for the whole 

measurement because this longitudinal plane will serve as a reference for the correct toe angle 

measurement. This determination should be done on a newly built car or on the car we know  

it is in a good condition. The presence of hidden damages would cause that we will not 

determine the longitudinal plane accurately. 

 

Fig. 7.3: Car attached to stands with rulers standing on weight scales 
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In Fig. 7.3 it is shown a car, which is already supported by stands with rulers attached  

to them. These rulers will help us to center the car and the tripod stand in front of the car  

(or behind the car) and thus determine the longitudinal plane of the car. 

The procedure for determining the longitudinal plane of the car and the overall alignment 

of all measuring components is as follows: 

• The tripod stand in front of the car is aligned roughly so that its center (holder  

with a laser) aims approximately to the center of the car. For this rough alignment,  

we can use a line laser (Fig. 7.4a) whose beam is oriented vertically and its beam angle  

is 90°. 

• In the second step, we use ordinary hand meter and with its help we align the ends  

of tripod stand to the car so, that a distance, which we measure between the middle  

of the stand (edge of the rib can be used for hooking of the end of hand meter)  

and the end of the tripod stand, is on both sides the same. This will secure  

the approximate perpendicularity of the tripod stand to the car’s longitudinal plane.  

This distance can be measured towards to front stands, but also towards to rear stands. 

For the most accurate measurement, it is recommended to do the measurement towards 

to rear stands. In the case of the front stands, it is necessary to secure a theoretically 

straight direction of the wheels and this can be done by aligning of the steering wheel 

exactly in the center position, which can be very difficult. This is not valid for rear 

wheels (stands) and therefore they should be preferred for this alignment procedure. 

• Now we can turn on the lasers (Fig. 7.4b), which are attached to sliding aluminum 

profiles (Fig. 7.4c). Before we turn on lasers, it is also essential to place the sliding 

profiles in the same distance from the middle aluminum profile. For the correct 

positioning, we can use the ruler sticker and the small window in the holder  

of the aluminum profile. It is also necessary to align the holders of lasers to the same 

height. 

• The laser beams project a line on the rulers attached to stands (Fig. 7.5). If we have  

a tripod stand positioned theoretically so, that its center lies in the car’s longitudinal 

plane and at the same time the whole tripod stand is perpendicular to this plane,  

then laser beams should mark the very same value on the ruler on the right  

and on the left side of the axle. However, this will most likely not happen immediately 

and it will be necessary to center the tripod stand to the car using these rulers and lasers 

until we get the same value on the right and on the left ruler. Here again, it is important 

to note that also in the case of this alignment it is better to use rulers on the rear axle 

stands. The front axle rulers can be used to check the founded longitudinal plane  

or we can use rulers for a finding of a straight direction of the front wheels  

and corresponding steering wheel position. 

• Once we have centered the tripod stand to the car, the line laser placed in the middle  

of the tripod stand should illuminate exactly the longitudinal plane of the car by its beam 

(Fig. 7.4d). 

• Now it is worthy to put several point stickers on the car’s surface where its longitudinal 

plane is projected by a laser beam. This will make alignment of the whole measuring 

set a lot easier for all subsequent measurements. 

• For the next measurements, we will no longer need to use rulers. It will be enough  

to aim tripod stand with the help of laser to point stickers, which define our longitudinal 

plane. This reduces the time for measurement preparation to a minimum. 
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Similarly, a longitudinal plane can be determined for the tripod stand which is located 

behind the car. It is enough to determine the longitudinal plane only once (e.g. at the beginning 

of the new season or simply at the time when we have a newly built or thoroughly repaired car 

after an accident). Subsequently, it will always be enough to aim the tripod stand with help  

of laser to point stickers and we will be sure we have the measuring set aligned as it is necessary. 

This means we will no longer need rulers with their holders or lasers which are attached  

to the sliding aluminum profiles. In the case of the second measuring set, only a small tripod 

stand will be sufficient for all the following measurements (Fig. 6.19, Fig. 7.6), as it was already 

mentioned in the previous chapter. 

In the following pictures, there are shown details of the determination of the longitudinal 

plane. 

 

Fig. 7.4: Projections of lasers for longitudinal plane determination 

 

Fig. 7.5: Detail of the laser beam on the ruler 
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Fig. 7.6: Alignment of the small tripod stand to the longitudinal plane of the car 

 

7.3 CHASSIS ALIGNMENT WITH THE FIRST MEASURING SET 

In the Fig. 7.7 it is shown a process of the chassis alignment with the first measuring set. 

After alignment of the tripod stands in front of the car and behind the car with the longitudinal 

plane of the car, it is possible to start measurement. 

A camber angle is measured by a digital inclinometer, which is capable of measuring  

with a resolution of 0,01° and it is a kind of inclinometer, which is originally designed  

for measuring of camber angle for race cars. It is powered by a battery. Measured values  

are displayed directly on a screen of the inclinometer. 

Weight distribution is measured with use of electronic weight scales, which are also 

powered by a battery and measured values are displayed directly on a screen of the wireless 

connected LCD display (it is part of the weight scales measuring set) or they can be transferred 

to the computer via USB and displayed on a screen of a computer. 

Ground clearance measurement is done with help of a draw-wire displacement sensor, 

whose end loop is attached to the shaft and this shaft is screwed in one of the several holes 

which are drilled in a side wall of the scale pads. For screwing in must be chosen that hole, 

which secures, that the measured distance will be as close as possible to the distance measured 

perpendicularly. Therefore, the distance between the holes (16 mm) in the side wall is chosen 

so that inaccuracies greater than 1 mm will not occur (it is valid for ground clearance  

of 30 mm or greater). The draw-wire displacement sensor is screwed in its holder, which is 

attached to the suction cup. The suction cup is attached to the car’s body. The holder  

of the draw-wire displacement sensor is height-adjustable (50 mm) and must be set so that 

bottom edge of the ring at the end of the wire it at the same height as the floor of the car because 

the floor of the car will be used as a reference for ground clearance measurement. Sensor’s 



BRNO 2017 

 

 

55 
 

PREPARATION AND MEASUREMENT PROCEDURE 

 

 

 

holder is further equipped with 2 perpendicular walls, which are used for alignment  

of the measuring assembly (these walls are used as a flat surface for water level). The draw-

wire displacement sensor works with a resolution of 0,01 mm. 

The last measured parameter is a toe angle δ. It is measured using lasers and rulers.  

Two line lasers in calibration sleeves are inserted into their holder and this holder is attached  

to stand. Both lasers and calibration sleeves are purchased components. The calibration sleeve 

is equipped with 4 small screws at each end which are used for alignment of the laser’s beam 

direction. Lasers are powered via USB connection. After turning the lasers on, each of the lasers 

projects the beam in the opposite direction, as seen in Fig. 7.7. The beam angle is 30°. Rulers  

in front of the car and behind the car must be placed in the same distance from the center  

of the tripod stand. Subsequently, the values projected by a laser beams on the rulers are read 

and according to the equation (7.1), the toe angle for a given wheel is calculated (ruler has  

in its middle 0 → values which are closer to the middle of the car are positive [+], values which 

are further from the car are negative [-], see Fig. 7.9). For calculation, it is also necessary  

to know the distance between the tripod stands. A great advantage of this method  

for measurement of the toe angle is the long distance between the rulers, which allows  

us to measure the toe angle with high accuracy. 

 

Fig. 7.7: The first measuring set - measuring of the front toe angle 

 

 
𝛿 = 𝑎𝑟𝑐𝑡𝑔 (

𝑅1 − 𝑅2

𝐿
) (7.1) 

In equation (7.1) δ defines the toe angle of the given wheel, R1 is the distance measured 

on the ruler in front of the car, R2 is the distance measured on the ruler behind the car and L is 

the distance between the tripod stands. 
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Fig. 7.8: Diagram of the toe angle measurement 

 

 

Fig. 7.9: Detail of the ruler 

 

According to the equation (7.1) and Fig. 7.8 and Fig. 7.9: if δ > 0 → toe in;  

if δ < 0 → toe out 

Similarly, it is possible to measure the toe angle at rear axle (Fig. 7.10). 

For all measurements, which are done with a help of lasers, it is recommended to use  

a laser protection goggles, e.g. [36]. 
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Fig. 7.10: The first measuring set - measuring of the rear toe angle 

 

 

Fig. 7.11: Measuring of the ground clearance with the draw-wire displacement sensor 
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7.4 CHASSIS ALIGNMENT WITH THE SECOND MEASURING SET 

The second measuring set is shown in the Fig. 7.12 and as it was already a few times 

mentioned, it is smaller than the first measuring set – particularly due to use of only one small 

tripod stand, which is placed in front of the car. After alignment of the tripod stand with car’s 

longitudinal plane and after attachment of measuring devices to the stands, it is possible to start 

the measurement. 

The weight distribution and the ground clearance measuring is done in the very same way 

as in the first measuring set. Therefore, it is not necessary to mention it here again. 

The camber angle is measured by an inclinometer again, but in this case, it is an industrial 

inclinometer and it is not equipped with a display for a direct reading of the measured values. 

For the reading of measured values of the camber angle, it is necessary to connect  

the inclinometer to the computer, which is also used as a power supply. The great advantage  

of this inclinometer is its very small dimensions. 

The most interesting measurement of this measuring set is toe angle measurement, which 

is measured by a high accuracy digital compass. As it was mentioned before, it is designed  

for use in a magnetically noisy environment and it is capable of measuring at a resolution  

of 0,1°. The first step of the measurement is to specify the azimuth of the longitudinal plane  

of the car. This value will be used as a reference value for measuring of the toe angle for every 

single wheel. We measure the reference azimuth value by a digital compass, which is mounted 

in its holder on the tripod stand in front of the car (Fig. 7.12a). Afterward, it is necessary  

to measure azimuth of every single wheel. This measurement is done by a digital compass 

which is inserted into its holder and this holder is attached to the stand. Now, we can compare 

the azimuth of the wheels with the azimuth of the car’s longitudinal plane and equations (7.2) 

and (7.3) can be used for calculation of the toe angles (δright and δleft). For better understanding, 

it was created a diagram of the toe angle measurement (Fig. 7.13) and Example of calculation. 

Reading of measured data (azimuth) is done on the computer. 

 

Fig. 7.12: Second measuring set 
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Fig. 7.13: Diagram of the toe angle measurement of the front axle 

 

 𝛿𝑟𝑖𝑔ℎ𝑡 = 𝐴𝑟𝑒𝑓 − 𝐴𝑟𝑖𝑔ℎ𝑡 (7.2) 

δright is toe angle of the right wheel for the measurement with the compass, Aref is reference 

azimuth of the longitudinal plane of the car and Aright is the azimuth  

of the right wheel. 

if Aref > Aright → toe in; if Aref < Aright → toe out 

 𝛿𝑙𝑒𝑓𝑡 = 𝐴𝑟𝑒𝑓 − 𝐴𝑙𝑒𝑓𝑡 (7.3) 

δleft is toe angle of the left wheel for the measurement with the compass and Aleft is  

the azimuth of the right wheel. 

if Aref > Aleft → toe out; if Aref < Aleft → toe in 

Example of calculation 

• Measured values: Aref = 270,0°; Aright = 269,4°; Aleft = 270,5° 

 

𝛿𝑟𝑖𝑔ℎ𝑡 = 𝐴𝑟𝑒𝑓 − 𝐴𝑟𝑖𝑔ℎ𝑡 = 270,0° − 269,4° = 𝟎, 𝟔° 

Aref > Aright → toe in → 0,6° 

 

𝛿𝑙𝑒𝑓𝑡 = 𝐴𝑟𝑒𝑓 − 𝐴𝑙𝑒𝑓𝑡 = 270,0° − 270,5° = −𝟎, 𝟓° 

Aref < Aleft → toe in → 0,5° 
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A big benefit of this measuring set is, that all the sensors are connected to the computer. 

This significantly simplifies the processing of measured data and at the same time, the whole 

measurement and alignment of the car can be done much more comfortably than in the case  

of use of lasers or inclinometer with the display, where the measured values must be physically 

read from rulers or inclinometer’s display. 

 

7.5 THEORETICAL ACCURACY OF THE MEASUREMENTS 

Since both of measuring sets use a different measurement procedure, especially  

for the measurement of the toe angle (the measurement of the other parameters is more or less 

similar), it would be appropriate to make at least a brief theoretical comparison  

of the achievable accuracy of the measurements. 

 

7.5.1 TOE ANGLE MEASUREMENT ACCURACY 

Toe angle is usually measured in degrees or in millimeters. In the case of using a digital 

compass in the second measuring set, we use for the toe angle measuring degrees. The selected 

compass works at a resolution of 0,1°, which is in our case the accuracy of the toe angle 

measurement on a single wheel. We mark this accuracy as Δδcd. In the case of measuring  

the toe angle with the help of lasers in the first measuring set, several calculations are necessary 

to be done for the accuracy comparison in degrees to the accuracy of the toe angle measurement 

with the digital compass. To illustrate these calculations, we will reuse a drawing which was 

already shown in Fig. 7.8. We assume that a distance between tripod stands L is 6000 mm  

(the longer this distance will be, the more accurate measurement we will get – we are only 

limited by the working distance of lasers). As next, it is necessary to consider the thickness  

of the laser beam t which is projected on the ruler. This thickness can be up to 1,5 mm  

and so we will use this value in the equation (7.4). Since we measure the toe angle with two 

rulers, it is necessary to multiply this thickness by 2. The accuracy of the toe angle measurement 

by lasers Δδld  can be afterward calculated in accordance with the equation (7.4) which is similar 

to (7.1): 

 
∆𝛿𝑙𝑑 =  𝑎𝑟𝑐𝑡𝑔 (

2 ∙ 𝑡

𝐿
) (7.4) 

after adding values into the equation 

 
∆𝛿𝑙𝑑 =  𝑎𝑟𝑐𝑡𝑔 (

2 ∙ 1,5 𝑚𝑚

6000 𝑚𝑚
) = 0,03°̇  (7.5) 

The accuracy of the toe angle measurement with lasers is approximately 0,03°, which is 

approximately 3,5 times better than the measurement with the digital compass.  

However, this accuracy can be even better if we use a longer distance between tripod stands  

(if we can keep the thickness of the laser beams projected on the rulers) or by better laser beams 

adjustment (adjustment of the thickness of the laser beam) for the most commonly used working 

distances – this adjustment just need to be done by a laser supplier. 
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Since the toe angle is often given also in millimeters, we also perform this comparison  

in these units. For a better explanation, we will use a drawing from the Fig. 7.14. The blue lines 

in the picture are wheels with a diameter Dw = 18”, i.e. 457,2 mm. The toe angle is often 

measured by measuring the distance between the front edges of the rims (A) and the rear edges 

of the rims (B) at the wheel center level on one axle. These distances are afterward compared 

and the overall toe angle X of the given axle in millimeters is determined in accordance to (7.6).  

 𝑋 = 𝐵 − 𝐴 (7.6) 

If B > A → toe in, if B < A → toe out. 

The toe angle of the single wheel in millimeters can be calculated so that if we know  

the toe angle in degrees so we can put this value in Δδ (7.7) (Fig. 7.14), we also know  

the size of the rim Dw (18” = 457,2 mm) and now we can just calculate the distance Xl (7.7)  

or Xc (7.9), which is the toe angle of the given wheel. If we want to know the toe angle  

of the whole axle, then we have to multiply this value by 2 (this is valid in the case when  

the toe angle is the same on the left and right side, otherwise we have to calculate the toe angle 

of each side separately and then sum this values). 

For the calculation of the toe angle measurement accuracy in millimeters, we will use  

the same procedure. We just add the previously calculated valued Δδld (in the case we determine 

the accuracy of the measurement with lasers) in the variable Δδ. The calculated value Xl is  

the accuracy of the toe angle measurement of the single wheel measured by lasers. 

 
𝑋𝑙 = sin(∆𝛿) ∙

𝐷𝑤

2
= sin(∆𝛿𝑙𝑑) ∙

𝐷𝑤

2
 (7.7) 

after adding values into the equation 

 
𝑋𝑙 = sin(∆𝛿𝑙𝑑) ∙

𝐷𝑤

2
= sin(0,03°) ∙

457,2 𝑚𝑚

2
= 0,12 𝑚𝑚 (7.8) 

In the case of determining the toe angle measurement accuracy measured by a digital 

compass, we just need to add value Δδcd in the variable Δδ. The calculated value Xc is  

the accuracy of the toe angle measurement of the single wheel measured by the digital compass 

in millimeters. 

 
𝑋𝑐 = sin(∆𝛿) ∙

𝐷𝑤

2
= sin(∆𝛿𝑐𝑑) ∙

𝐷𝑤

2
 (7.9) 

after adding values into the equation 

 
𝑋𝑐 = sin(∆𝛿𝑐𝑑) ∙

𝐷𝑤

2
= sin(0,1°) ∙

457,2 𝑚𝑚

2
= 0,40 𝑚𝑚 (7.10) 

The results mentioned above are theoretical values of the accuracy of the toe angle 

measurement of the given single wheel in millimeters. Therefore, if we want to know  

the theoretical accuracy of the measurement for the whole axle, it is necessary to multiply these 

values by 2. In the case of measuring toe angle using lasers, we get the theoretical accuracy  

of the measurement on one axle of 0,24 mm. In the case of measurement using a digital 

compass, it is 0,8 mm. In both cases, the achieved accuracy should be sufficient, since the toe 
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angle is very often set in units of millimeters. The accuracy of the measurement  

with the compass is lower, but its undoubted advantage over laser measurement is  

the incomparable speed and convenience of the measurement’s process and perhaps we can 

assume that in the closer future, these devices will be available with greater resolution  

and the accuracy of the measurements will then be comparable to the measurements done  

with lasers. 

 

Fig. 7.14: Toe angle accuracy measurement 

 

7.5.2 RIDE HEIGHT MEASUREMENT ACCURACY 

Dealing with the accuracy of the measurement is worthwhile even in the case  

of the vehicle’s ride height. In this measurement, a such situation could arise where,  

after attaching the draw-wire displacement sensor on the vehicle’s body, its loop is exactly 

between the two holes which are used for screwing in of the measuring rod. This situation is 

evident in Fig. 7.15, where the red color is assigned to the wire with the loop at its end.  

This wire comes from the point S, which represents the body of the draw-wire displacement 

sensor. The distance D among holes on the side wall of the scale pad is 16 mm. RHm defines 

the ride height measured by a displacement sensor. RHr defines the real ride height of the car. 

The equation for the calculation of the real ride height is following:  

 

𝑅𝐻𝑟 = √𝑅𝐻𝑚
2 −

𝐷2

4
 (7.11) 
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Fig. 7.15: Drawing for the calculation of the ride height measurement accuracy 

If we consider the real ride height in the range of 30 – 150 mm, we will get the following 

graph, which illustrates possible inaccuracies of the ride height measurement. 

 

Fig. 7.16: Dependence of the inaccuracy of the measurement on the real ride height 

It can be seen from the graph, that if the real ride height is 30 mm, the inaccuracy  

of the measurement can be up to 1 mm. However, since it is often sufficient to measure the ride 

height with resolution in units of millimeters, this inaccuracy can be considered as acceptable. 

With increasing real ride height, the influence of this inaccuracy is still smaller and smaller.  
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7.5.3 CAMBER ANGLE AND WEIGHT DISTRIBUTION MEASUREMENT ACCURACY 

The accuracy of both of measurements depends in the first place on the accuracy  

of leveling of the weight scales with their scale pads. This leveling is absolutely decisive  

in the question of achievable accuracy of that measurements. If we carefully level up the scale 

pads and weight scales, the accuracy of the camber angle measurement and the weight 

distribution should not be affected. This is a big advantage in comparison to the situation when 

the chassis alignment is done with mounted wheels on the car and on the surface where we are 

not able to secure leveling of this surface, e.g. in the garage. 

If we level up the scale pads with weight scales, we can expect the achievable accuracy 

of approximately 0,01° (0,003°) in the case of the camber angle measurement  

in the first measuring set (in the second measuring set). In the case of the weight distribution, 

the achievable accuracy is 0,1 % of the measuring range, which gives us, in the case of selected 

weight scales, approximately an accuracy of 0,8 kg per single wheel. 
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8 COST CALCULATION AND SELECTION OF PURCHASED 

COMPONENTS 
During designing of each measuring set, it was also necessary to think about the price  

of each component and the whole set, because one of the goals is to design such device  

for the chassis alignment, that will be available for a reasonable price. Therefore, the price 

should not discourage customers, but on the contrary, the price should be acceptable with regard  

to added value for the customer (time savings, accurate measurement, the easy and fast process 

of preparation and measurement). This is the reason, why is this chapter part of the master’s 

thesis and it will be divided into two parts. In the first part, it will be mentioned components  

for the measurements which are bought. Selected sensors will be briefly introduced.  

In the second part, there will be introduced an approximate cost calculation of the whole 

measuring sets. 

 

8.1 SELECTION OF PURCHASED COMPONENTS 

WEIGHT SCALE 

Essential part for the chassis alignment of the race car are weight scales whereby we can 

achieve desired weight balance of the car. The offer of weight scales on the market is quite wide 

and it is possible to choose among wireless and common weight scales which need a wire 

connection. For our measuring set, the weight scales from the company Proform (wireless 

version with the name Slim 67644 [28]) appear to be the most suitable. It offers an above-

average maximal load of 3175 kg and measuring accuracy is 0,1 % from measuring range 

(standard for almost all weight scales). A big advantage of this weight scale is its price  

of 733,1 €. Between all wireless scales, it is clearly the cheapest one and when compared  

to the cheapest wire weight scale it is only 90 € more expensive. The comfort, which is offered 

to us at work with the wireless scales, is an important factor in choosing this weigh scales  

to the detriment of the cheapest possible option, which on the other hand requires a cable 

connection. The weight scales are powered by AA batteries and the measured data can be read 

on a supplied LCD display or it is possible to connect the scales via USB cable  

with a computer. 

 

Fig. 8.1: Weight scales Proform Slim 67644 (Wireless) [28] 
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Tab. 8.1: Weight scales 

Supplier Product name 
Maximal 
load [kg] 

Accuracy 
from 

meas. 
range 

Dimensions [mm] Price EUR 

Wireless 

Intercomp SW 777 RFX 2800 0,10% 381 x 381 x 64 1 834,1 € 

Intercomp SW 650 RFX 2800 0,10% 381 x 381 x 64 1 555,2 € 

Intercomp SW 656 iRACEWEIGH 2800 0,10% 381 x 381 x 64 1 604,7 € 

Intercomp SW 787 RFX 2800 0,10% 381 x 381 x 64 1 366,2 € 

Proform Slim 67644 3175 0,10% 381 x 381 x 33,3 733,1 € 

Longacre Racing 7" Single load cell 2720 0,10% 381 x 381 x 33,3 1 738,7 € 

Longacre Racing 7" Dual load cell 3265 0,10% 381 x 381 x 33,3 2 747,9 € 

Longacre Racing Hybrid DX 3 2720 0,10% 381 x 381 x 33,3 1 421,2 € 

Wire connection 

Intercomp SW 500 2800 0,10% 381 x 381 x 64 1 000,1 € 

Intercomp SW 500 Deluxe 2800 0,10% 381 x 381 x 64 1 188,2 € 

Proform 67650 2265 0,10% 368,3 x 241,3 x 63,5 641,3 € 

Proform 67651 3175 0,10% 381 x 381 x 63,5 943,2 € 

Longacre Racing Accuset II Basic System 2720 0,10% 381 x 381 x 33,3 990,0 € 

Rebco 1 Weight 2720 0,25% 381 x 381 x 33,3 867,0 € 

B-G Racing Clubman 2720 unknown 381 x 381 x 76,2 1 504,2 € 

McGill 
Motorsport 

STR Competition 2000 0,05% unknown 1 098,1 € 

 

INCLINOMETER WITH DISPLAY 

For the first measuring set, an inclinometer with a display for direct reading  

of measured values will be used. Such type of inclinometer was chosen because the first 

measuring set should be a cheaper alternative to the second set and this type of inclinometer is 

cheaper compared to industrial inclinometers, which are used in the second set and which uses  

a computer for data processing. Inclinometers with display have also bigger dimensions. 

Inclinometer Performance Digital Level Mini [29] from company Allstar was chosen  

for the first measuring set. It features a high-resolution (0,01°) and an acceptable cost  

of 50,5 €. The inclinometer is powered by 3 CR2032 batteries and it has a magnet on its back 

which can be used for attachment to the measured object. 

 

Fig. 8.2: Digital inclinometer Allstar Performance Digital Level Mini [29] 
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Tab. 8.2: Digital inclinometers 

Supplier Product name 
Resolution 

[°] 
Measuring 
range [°] 

Price EUR 

Longacre Racing 
Digital Caster-Camber 

Gauge 
0,1 ±90 215,6 € 

Intercomp 
Digital Caster-Camber 

Gauge 
0,1 ±20 320,2 € 

Allstar 
Performance Digital 

Level 
0,01 ±90 76,2 € 

Allstar 
Performance Digital 

Level Mini 
0,01 ±90 50,5 € 

Intercomp Digital Angle Gauge 0,05 ±90 63,3 € 

Proma  DS 1 0,1 ±90 35,0 € 

Hoffmann-Group Holex 0,05 ±90 56,6 € 

 

INDUSTRIAL INCLINOMETER WITHOUT DISPLAY 

For the second measuring set was selected an industrial inclinometer which needs to be 

connected to the computer for the reading of measured data. This kind of inclinometer was 

selected because all other sensors in this set will use the computer for data processing to make 

data reading very easy. For our application, the inclinometer from Czech company Sitall  

in specification STS-004-1-030-U [30] was selected as the most suitable. In comparison to other 

inclinometers, it has the highest resolution of 0,003°, also the highest accuracy of ±0,09°, small 

dimensions and it is the cheapest – only 100,4 €. Measuring range of ±15° is entirely sufficient 

for our purposes. Attachment to the object of measurement is done by a bolt M3. The power is 

supplied via a power cable. 

 

Fig. 8.3: Inclinometer Sitall [30] 

Tab. 8.3: Industrial inclinometers 

Supplier Product name 
Resolution 

[°] 
Accuracy 

[°] 
Measuring 
range [°] 

Dimensions 
[mm] 

Price EUR 

Turck 
B2N10H-Q20L60-2LU3-

H1151 
0,04 ±0,2 ±10 50 x 30 x 20 unknown 

Pepperl-Fuchs INY030D-F99-2U-5M 0,01 ±0,2 ±15 65 x 44 x 37 unknown 

Kubler 8.IS40.23121 0,05 ±0,3 ±60 60 x 30 x 20 196,2 € 

Di-soric NS 60 M 60XY-U-B5  0,1 ±0,2 ±60 60 x 32 x 20 179,7 € 

Sick TMM55E-POH010 0,01 ±0,15 ±20 
62 x 32,3 x 

18,7 
186,0 € 

Sitall STS-110-1-030-U 0,03 ±0,3 ±15 ⌀40 x 13 111,6 € 

Sitall STS-004-1-030-U 0,003 ±0,09 ±15 37 x 22 x 10 100,4 € 

Sitall STS-001-1-030-U 0,015 ±0,15 ±15 ⌀58 x 21 119,0 € 
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DIGITAL COMPASS 

A digital compass is used for the toe angle measurements in the second measuring set. 

For this application, only one compass is suitable, namely the compass from the company 

Ocean Controls with the name High Accuracy Digital Compass [27], which has the highest 

resolution of 0,1° in comparison to other compasses. The accuracy of azimuth determination is 

0,3° though this value is not important for our measurement – for measurement of toe angle is 

relevant only relative accuracy for the given place of measurement and repeatability  

of the measurement – this is secured by a soft iron and hard iron calibration of the compass, 

which makes it possible to use this compass even in magnetically noisy environments (common 

application of the compass according to website of Ocean Controls [27]: unmanned aircraft, 

GPS integrated navigation, marine navigation surveying, and mapping, ROV underwater robot 

navigation etc.). Thanks to this feature, we only need to calibrate the compass in place  

of the measurement according to steps of the calibration procedure. A slight disadvantage  

of this compass is its price, which is 870,7 €. The compass is powered by a power cable  

and for data processing of measured azimuth on the computer, it is available a software  

from the producer of the compass. 

 

Fig. 8.4: High Accuracy Digital Compass from Ocean Controls [27] 

Tab. 8.4: Digital Compasses 

Supplier Product name 
Resolution 

[°] 
Accuracy 

[°] 
Dimensions [mm] Price EUR 

KVH AutoComp 1000 0,5 0,5 279,4 x 279,4 x 279,4 1 279,9 € 

KVH C100 Compass Engine 0,5 0,5 46 x 114 x 28 362,4 € (used) 

Ocean Controls 
Low Cost Marine 

Magnetic Compass 
1,0 1,0 50 x 42 x 15 210,1 € 

Ocean Controls 
High Accuracy Digital 

Compass 
0,1 0,3 125 x 22 x 24 870,7 € 

Monnit 
Industrial Wireless 

Compass Sensor 
unknown 4,0 111 x 63 x 28,2 164,2 € 

True North 
Technologies 

Revolution 0,5 0,5 40,6 x 76,2 x 15,2 485,4 € 
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DRAW-WIRE DISPLACEMENT SENSOR 

For measurement of car’s ground clearance, we will use a draw-wire displacement sensor. 

Most often, they work with the use of a potentiometer or an encoder. For our application,  

the sensor WPS-750-MK30-E830(02) from company Micro-Epsilon [31] should be the most 

suitable. It is a sensor that uses an encoder (6,7 pulses per 1 mm) with a resolution of 0,15 mm. 

This sensor is available in several specifications and for our measurement was chosen a sensor 

with a measuring range of 750 mm. This sensor has also the best values in term of linearity  

of measurement. Its price is 257,3 € and for the reading of measured data it is necessary  

an access to a computer, alternatively, it is possible to read a data on a display unit which can 

be purchased. In our case, we will use a computer. The sensor is powered by a power cable. 

 

Fig. 8.5: Draw-wire Displacement Sensor from Micro-Epsilon [31] 

Tab. 8.5: Draw-wire displacement sensors 

Supplier Product name 
Resolution 

[mm] 

Measuring 
range 
[mm] 

Linearity [mm] Price EUR 

SIKO SG5-600-MWU-10.0 0,15 600 ±2,10 267,8 € 

Micro-Epsilon WPS-750-MK30-P25 0,20 750 ±1,87 161,4 € 

Micro-Epsilon WPS-750-MK30-E830(02) 0,15 750 ±0,375 257,3 € 

LARM LS501D 0,05 1000 ±2,5 191,5 € 

 

LINE LASER 

Line lasers that will be used especially in the first measuring set and for the determining 

of the longitudinal plane of the car and for leveling up the weight scales, will be purchased  

from company Petr Provazník – čarové lasery. Specifically, it will be a laser with a green laser 

and USB cable power supply for 88,8 € [32]. The minimum working distance is 0,1 m,  

the maximum is 7 m and in the common working distance (0,3 – 5 m) the beam thickness is 

commonly 1 – 1,5 mm. That common working distance corresponds to the distances, which 

will be most often used in the measuring sets. However, the laser beam can be aligned to other 

working distances. The beam angle can be specified in the order. In our case, we will use beam 

angles of 30° and 90°. 
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Fig. 8.6: Line laser from company Petr Provazník [32] 

In addition, a calibration sleeve [33] will be purchased, which will be used for centering 

and aligning of the laser beam. For this purposes, the sleeve is equipped with 4 small screws  

at each end. The price of this sleeve is 10 €. 

 

Fig. 8.7: Laser inserted in the calibration sleeve [33] 

 

8.2 COST CALCULATION OF MEASURING SETS 

In this chapter, the total cost calculation of designed measuring sets will be briefly 

presented. The cost of smaller sub-assemblies will be presented in tables, which give  

us the total cost of the given measuring set. Tables with costs of each part from given measuring 

set are available in the appendix of this master’s thesis.  

The cost calculation is based on information about prices from suppliers of sensors that 

were selected in the previous chapter and then it is also based on the tables and procedures 

which are used to quantify the cost of building a race car (Cost Report) in an international 

student’s competition – Formula SAE [34]. This gives us an objective idea of the price budget 

for the production of a given measuring set. It should be also mentioned that prices only take 

into account the cost of manufacturing. Assembly of the measuring sets is not the part  

of the calculation.  

Two variants were calculated for each measuring set: basic and extended. Their goal is  

to offer customers a choice with regard to the different measurement method used in both 

measuring sets as well as the choice with regard to the price. When considering the fact, that 

extended sets could not be affordable for smaller race teams due to the higher number  
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of sensors, basic versions have been designed, which, however, require using some sensors  

for several times, thus slightly reducing overall comfort. 

Because the language of the master’s thesis is English, but the place of its elaboration 

was University of Technology Brno (Czech Republic), the prices in the tables are given in two 

currencies – EUR and CZK. The exchange rates announced by the ČNB [35] on 5th May 2017 

were used to convert exchange rates. 

Tab. 8.6: Cost table of the first measuring set 

Assembly 
Basic version 

(EUR) 
Extended 

version (EUR) 
Basic version 

(CZK) 
Extended 

version (CZK) 

Stands with lasers and inclinometer 770,03 € 1 040,89 € 20 615,50 Kč 27 867,01 Kč 

Tripod stand with lasers, rulers + 
rulers for longitudinal plane det. 

502,65 € 614,76 € 13 457,12 Kč 16 458,54 Kč 

Scale's leveling pads + scales 1 015,64 € 1 015,64 € 27 191,03 Kč 27 191,03 Kč 

Equipment for ground clearance 
measurement 

509,47 € 1 018,95 € 13 639,80 Kč 27 279,60 Kč 

Height-adjustable ramps 112,88 € 112,88 € 3 022,00 Kč 3 022,00 Kč 

Total 2 910,67 € 3 803,12 € 77 925,45 Kč 101 818,17 Kč 

 

In the case of the first measuring set, the main cost difference is mainly in the stands, 

which are equipped with lasers and inclinometers. Only one pair of lasers and one inclinometer 

are used in the basic version, which makes it possible to measure the toe angle and camber 

angle on only one wheel (however, it is possible to change the measured wheel very easily  

and fast thanks to attachment the sensors with the help of magnet). In the extended set, there 

are 4 lasers and 2 inclinometers, so it is possible to simultaneously measure parameters of one 

axle. Another cost difference is in tripod stand in front of the car, where in addition is used one 

more laser with its holder in the extended version. In the case of the basic version, it is necessary 

to have one laser for leveling of the weight scales and then use the same laser for projection  

of the longitudinal plane on the car. The last difference is in equipment for measuring of ground 

clearance. The basic set allows measuring the ground clearance only on one axle at the same 

time. The extended version allows measurement at the same time on the both axles. As it can 

be seen, for more comfortable, fast and easy measurement, it is definitely more convenient  

the extended set, but also the basic set offers all necessary components for car’s chassis 

alignment, but at the expense of the slight loss of the comfort. 

Weight scales and height-adjustable scale pads are identical in both variants.  

The same applies to height-adjustable ramps. 

 



BRNO 2017 

 

 

72 
 

COST CALCULATION AND SELECTION OF PURCHASED COMPONENTS 

 

 

 

 

Tab. 8.7: Cost table of the second measuring set 

Assembly 
Basic version 

(EUR) 
Extended 

version (EUR) 
Basic version 

(CZK) 
Extended 

version (CZK) 

Stands with sensors 1 488,84 € 2 478,52 € 39 859,79 Kč 66 355,58 Kč 

Small tripod stand (laser + digital 
compass) 

198,40 € 306,60 € 5 311,62 Kč 8 208,32 Kč 

Scale's leveling pads + scales 1 015,64 € 1 015,64 € 27 191,03 Kč 27 191,03 Kč 

Equipment for longitudinal plane 
determination 

387,57 € 387,57 € 10 377,46 Kč 10 377,46 Kč 

Equipment for ground clearance 
measurement 

509,47 € 1 018,95 € 13 639,80 Kč 27 279,60 Kč 

Height-adjustable ramps 112,88 € 112,88 € 3 022,00 Kč 3 022,00 Kč 

Total 3 712,80 € 5 320,14 € 99 401,69 Kč 142 433,98 Kč 

 

In the case of the second measuring set, the biggest cost differences are also in stands 

with sensors, because only one digital compass and one inclinometer are included in the basic 

version. In particular, the digital compass is a very expensive item. In the case of the extended 

version, there are 2 digital compasses as well as 2 inclinometers. The difference in cost is also 

in the case of a small tripod stand in front of the car. The measuring set in the basic version 

contains only 1 laser and its holder – this means that for leveling of weight scales  

and for positioning of the tripod in the longitudinal plane of the car, it is necessary to use this 

laser. In the case of the extended version, a separate laser with its holder is available for each 

operation. This measuring set also includes equipment for determining of the longitudinal plane 

of the car. However, this longitudinal plane determination does not have to take place very often 

(the longitudinal plane can be determined for example only for a newly built car) if there are 

no serious accidents with car body damage – in that case we can consider that the customer 

does not have to buy this equipment and the determination of the car’s longitudinal plane will 

be done at the place of the supplier of the measuring set, alternatively it can be done directly  

in the garage of the customer and this will reduce the final price at least little bit. The difference 

in price is also in the case of the equipment for ground clearance measurement. Both versions 

(basic and extended) are identical as in the first measuring set. The weight scales,  

its height-adjustable pads, and height-adjustable ramps are identical to the equipment  

from the first measuring set. 

As mentioned above, tables with costs of all parts are included in the appendix  

of this master’s thesis. 
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9 STRESS AND DEFORMATION ANALYSIS 
This chapter of the master’s thesis deals with a stress and deformation analysis  

of individual parts of stands, which are used to carry the whole weight of the car instead  

of the wheels. Models of components were created in the 3D CAD software PTC Creo 

Parametric 2.0 and then they were imported into ANSYS Workbench, which is software used 

for making of FEA (finite element analysis). For mesh generation were used tetrahedrons  

and the element size was always chosen so that the thickness of the component corresponded 

to at least 4 elements. In locations where the greatest loading was assumed, the mesh was further 

properly refined. Always was considered the worst possible state of loading, which means  

we consider the load which equals the weight of the car of 1600 kg – this means 400 kg per one 

stand. We also consider the camber angle of 5°. For all components, the maximal equivalent 

stress (von Mises) and the total deformation was calculated. With the help of the equation (9.1), 

a factor of safety k was calculated for all components of the stand, where Re is yield strength 

and σred is equivalent stress. 

 
𝑘 =  

𝑅𝑒

𝜎𝑟𝑒𝑑
 (9.1) 

   

9.1 CONNECTING HEAD 

The connecting head, which is made of 8 mm thick aluminum alloy sheet, was loaded  

by a force (3924 N), which corresponds to the weight of 400 kg. This force was applied  

to the holes which are used for attachment of the stand to the wheel hub of the car. This force 

was further spread in two directions so that the load corresponds to a camber angle of 5°.   

The connecting head was fixed in the bottom two holes because in this case, the resulting force 

acts on the longest arm. In the upper part of the connecting head, the movement in the direction 

of the hub axis was also restricted, because the connecting head is leaned against the wheel hub 

and from the second side the connecting head is secured by nuts against movement. 

 

Fig. 9.1: Mesh of the connecting head 
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Fig. 9.2: Total deformation of the connecting head 

 

Fig. 9.3: Equivalent stress (von Mises) of the connecting head 
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The total deformation of the connecting head is less than 0,03 mm, which is acceptable 

and important in terms of not influencing measured values due to the deformation of the head. 

As a material was chosen the aluminum alloy EN AW 6082, which has a yield strength  

Re = 240 MPa and for the calculated equivalent stress of 79,29 MPa we obtain the following 

factor of safety k: 

 
𝑘 =  

240 𝑀𝑃𝑎

79,29 𝑀𝑃𝑎
=̇ 3,03 (9.2) 

   

9.2 L-SHAPED SHEET METAL WITH RIB 

The L-shaped, bent sheet metal, which is reinforced with a rib, was also made  

of aluminum alloy EN AW 6082. Loads were applied to the outer holes because in this loading 

state the biggest bending moment and the biggest deformations occur. The force load (1962 N) 

corresponds to the weight of 200 kg because one stand is made of two L-shaped bent sheet 

metals. This force was further spread in two directions again so that the load corresponds  

to a camber angle of 5°. Sheet metal was fixed in two holes in the base (it will be fastened  

by screws) and at the same time, the deformation of this base in the direction of axes of holes 

was restricted because this base will be attached to the base sheet metal.  

 

Fig. 9.4: Mesh of L-shaped sheet metal with rib 

One stand consists of two L-shaped sheet metals. One is oriented inward (closer  

to the center of the car) and the second is oriented outward and therefore they are loaded little 

bit differently and so the stress and deformation analysis have to be done for both sheet metals 

(inside and outside). In the case of the sheet metal closer to the center of the car (inward 

oriented), the total deformation reaches a maximum of 0,3 mm in the upper corners of this sheet 

metal (Fig. 9.5). In the case of the sheet metal oriented outward, the total deformation reaches 

a maximum of 0,36 mm (Fig. 9.6). Despite that deformations, all the measured values should 
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not be influenced, because all the sensors or lasers are attached to the connecting head.  

In addition, thanks to the rib, the values of deformations are also relatively small. 

 

Fig. 9.5: Total deformation of L-shaped sheet metal – inside 

 

Fig. 9.6: Total deformation of L-shaped sheet metal – outside 



BRNO 2017 

 

 

77 
 

STRESS AND DEFORMATION ANALYSIS 

 

 

 

 

 

Fig. 9.7: Equivalent stress (von Mises) of L-shaped sheet metal – inside 

 

Fig. 9.8: Equivalent stress (von Mises) of L-shaped sheet metal – outside 

Maximal equivalent stress in the case of the inward oriented sheet metal is  

approx. 41,59 MPa. This gives us the following value of the factor of safety: 

 
𝑘 =  

240 𝑀𝑃𝑎

41,59 𝑀𝑃𝑎
=̇ 5,77 (9.3) 
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In the case of the sheet metal which is oriented outward, the maximal equivalent stress is 

approx. 43,46 MPa. This gives us the following value of the factor of safety: 

 
𝑘 =  

240 𝑀𝑃𝑎

43,46 𝑀𝑃𝑎
=̇ 5,52 (9.4) 

   

9.3 SMALL SHAFT FOR SUPPORT ROLLER 

The most loaded parts are 2 small shafts, which with the help of support rollers carry  

the whole stand. For the attachment to the base sheet metal, the shaft is manufactured  

with the thread M12. Due to the high loading, the shaft is made of the steel S355JR  

with the yield strength Re = 355 MPa. For purposes of calculation was the shaft modeled also 

with the thread, which is used for attachment. The force (1962 N), which corresponds  

to the load of 200 kg acts on the surface where the support roller is attached. 

 

Fig. 9.9: Mesh of small shaft for support roller 

 

Fig. 9.10: Total deformation of the small shaft for support roller 
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Fig. 9.11: Equivalent stress (von Mises) of small shaft for support roller 

The maximal total deformation of the shaft reaches approx. 0,01 mm, which meets  

the requirements of the construction and it will not negatively influence the measurement.  

More important is the maximal equivalent stress, which was calculated in the location,  

where the smallest diameter changes to the biggest diameter. This equivalent stress reaches 

approx. 181,13 MPa and this give us the following value of the factor of safety: 

  
𝑘 =  

355 𝑀𝑃𝑎

181,13 𝑀𝑃𝑎
=̇ 1,96 (9.5) 

   

9.4 BASE SHEET METAL 

The last and one of the least loaded part is the base sheet metal, which is also made  

of aluminum alloy EN AW 6082. For the purpose of the calculation, the sheet metal was fixed 

in the holes for the attachment of the small shafts for the support rollers. The load force  

(3942 N), which corresponds to the weight of 400 kg, was acting on the top surface of the base 

sheet metal. This force was also spread so that it corresponds to the camber angle of 5°. 

 

Fig. 9.12: Mesh of the base sheet metal 
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Fig. 9.13: Total deformation of the base sheet metal 

 

Fig. 9.14: Equivalent stress of the base sheet metal 

The maximal total deformation of the base sheet metal is approx. 0,02 mm, which is 

acceptable. The maximal equivalent stress is approx. 47,91 MPa and it is reached inside  

the hole for the attachment of the small shaft. This equivalent stress gives us the following 

factor of safety: 

 
𝑘 =  

240 𝑀𝑃𝑎

47,91 𝑀𝑃𝑎
=̇ 5,01 (9.6) 
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For the overview, the results of the stress and deformation analysis of all components are 

listed in the table below. 

Tab. 9.1: Results of the stress and deformation analysis 

Part Re [MPa] 
Total deformation 

[mm] 
σred [MPa] k [-] 

Connecting head 240 0,03 79,29 3,03 

L-shaped sheet 
metal - inside 

240 0,30 41,59 5,77 

L-shaped sheet 
metal - outside 

240 0,36 43,46 5,52 

Shaft for support 
roller 

355 0,01 181,13 1,96 

Base sheet metal 240 0,02 47,91 5,01 

 

Because all of the factors of safety are greater than 1, the proposed design can be 

considered as satisfactory and should not result in an unexpected violation of the stand 

construction during its use.  
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CONCLUSION 
The goal of the master’s thesis was to design a set of equipment, which would be able  

to measure the most important parameters of a race car chassis in an efficient, fast  

and convenient way. The chassis of the race car could be suitably aligned on the basis of these 

measurements, and at the same time, this measurement would greatly facilitate work and save 

valuable time for mechanics and race engineers. In the case of such device, it is also very 

important to think of easy manipulation and storage so that it can be easily transported between 

races.  

The introduction of the master’s thesis was devoted to a brief research for introducing  

the reader into the issue of race cars because race cars have a lot of possibilities how they can 

be set up and occasionally it can be a real alchemy to find the ideal compromise for the given 

race track. One of the very important sets of components, which often have a decisive influence 

on the behavior of the car, is the whole car’s chassis. Therefore, the basic and also the most 

important parameters which can be measured on the car’s chassis were introduced to the reader. 

This part of the thesis is logically followed by the introduction of currently used methods  

and equipment for measuring these parameters on race cars, but also on the common passenger 

cars. Based on this research and on the goals of this thesis, it was determined what parameters 

and properties should have the ideal set of equipment for alignment of the race car chassis. 

In the framework of the master’s thesis, two sets of equipment for chassis alignment  

of the race cars were designed. Both of sets use specially designed stands to support the car  

and they are attached to the car instead of wheels. This solution has been chosen to avoid 

inaccuracies in the measurement that could be caused by tire deformation or different tires 

inflation. Another advantage of these stands is their height adjustability, which makes  

it possible to position the car at almost the same height, which corresponds to the situation when  

the car stands on its own wheels. Designed stands are suitable for cars with a wide range of tires 

and rims (generally for wheels with diameter from 14” up to 20”). In the case of an application 

on a car with other rims or tires, it should be possible to change the design of the stands to suit 

other dimensions. If the measuring sets are sold commercially, then it is likely that they would 

be offered in different sizes for these reasons. The last advantage of these stands is the easy 

access to chassis components that can be used to adjust the chassis in the accordance  

with the measurements. The presence of wheels would make this adjustment very complicated. 

Since stands have to carry the weight of the whole car (the maximal permissible weight  

of the car is 1600 kg), the stress and deformation analysis was done within this master’s thesis. 

According to the results of this analysis, all parts of the stands are designed so that unexpected 

violation should not occur during the use of the stands and therefore, the safety of the persons, 

who will work with these measuring sets, will not be endangered.  

Both measuring sets were designed to measure following parameters: toe angle, camber 

angle, ride height and weight distribution. 

In the case of the first measuring set, lasers and rulers are used to measure the toe angle. 

The rulers are placed in front of and behind the car, which allows us to measure the toe angle 

with high accuracy due to the distance between these rulers. If the rulers are positioned so that 

there is a distance of 6000 mm between them, it is theoretically possible to measure the overall 

toe angle of the given axle with an accuracy of 0,24 mm (0,03°). For the measurement  

of the camber angle is used a digital inclinometer, which is equipped with a display for direct 

reading of the measured values. The camber angle can be measured with this inclinometer  
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with the accuracy of 0,01°. Lasers and the inclinometer are mounted in a holder that is attached 

to the stand by a neodymium magnet. This makes it easy to manipulate with these devices. 

Another measured parameter is the weight distribution. It is measured with help of purchased 

weight scales, which are capable of measuring with the accuracy of approximately  

0,8 kg per single wheel. These scales are placed in a height-adjustable scale-pads, which were 

designed for this purpose. At the same time, one of the side walls of the scale pads is used  

for attachment of the measuring rod for measurement of the ride height. The ride height is 

measured with the help of the draw-wire displacement sensor that is attached to the body  

of the car by a suction cup and a loop at the end of the wire is attached to the previously 

mentioned measuring rod. Measurement inaccuracy should not exceed 1 mm.   

The second measuring set uses a highly accurate digital compass to measure the toe angle. 

It is designed to be capable of working in a magnetically noisy environment (it offers  

a possibility of the soft-iron and hard-iron calibration). The accuracy of the toe angle 

measurement of the whole axle using this digital compass is theoretically up to 0,8 mm (0,1°). 

For measurement of the camber angle it is used an inclinometer with a theoretical accuracy  

of 0,003°, but this time the connection to the computer is required for reading of measured 

values. Both the digital compass and the inclinometer are mounted in a holder that is attached 

to the stand by a neodymium magnet again, which in this case also provides very simple 

manipulation. The measurement of the weight distribution and the ride height measurement is 

similar to the first measuring set. 

A procedure and equipment for determination of the longitudinal plane of the car (which 

is particularly important for the calculation of the toe angle) were also designed for both sets  

as well as a procedure for subsequent alignment of the entire measuring set with this plane. 

The approximate cost of the production was calculated for both measuring sets.  

In order the measurement sets are available also to smaller race teams that do not have a big 

budget, the sets were designed in two variants: basic and extended. The basic version allows 

performing of all measurements with a slight limitation of comfort by using some of the sensors 

for a few times. Extended versions contain a such number of sensors, which allows to measure 

the chassis parameters of the car as comfortable as possible. The cost of production of the basic 

version of the first measuring set is approximately 2 910,67 € (77 925,45 Kč), the cost  

of production of the extended version is approximately 3 803,12 € (101 818,17 Kč). The cost 

of production of the basic version of the second measuring set is approximately 3 712,80 € 

(99 401,69 Kč), the cost of production of the extended version is approximately 5 320,14 € 

(142 433,98 Kč). Differences in costs are mainly due to use of different sensors, where  

the digital compass in the second measuring set is a rather expensive item.  

When comparing both of measuring sets, it is a great advantage of the second measuring 

set that all sensors can be connected to a computer and so all measured data are processed  

at one single place. This also makes it possible to immediately display the actual measured 

values in a real time. In the case of the first measuring set, it is necessary to physically read  

the values from rulers and from the inclinometer display. This just prolongs the measurement 

process. The first measuring set is also a little bit larger and offers a bit worse manipulation 

compared to the second measuring set. On the other hand, the advantage of the first measuring 

set is its lower price, which is particularly due to use of cheaper sensors. Thus, we can say that 

both designed sets offer a fairly wide choice, both in terms of the difference in the measurement 

process and also with respect to price. At the same time, we can state that both of measuring 

sets offer measurement with sufficient accuracy, easy manipulation and are also suitable  
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for transport between races. Measurement with both sets should be also very fast, especially  

in the case of the second measuring set. All of the above-mentioned points should lead  

to improving and facilitating of the work of mechanics and engineers. 

At the same time, it is advisable to mention recommendations and suggestions  

for further development of these measuring sets as there is a lot of possibilities how  

to extend or improve them. Very interesting could be the development of a simple software  

for computers, which, in the case of the second measuring set, would be able to process all  

the measured data from all sensors and then display them with the help of this software just  

as the only output. This would further simplify the measurement of race cars chassis parameters 

and at this point, the data processing could be comparable to those that are used in conventional 

car repair shop where the mechanic has a computer and so he can immediately see all  

the measured values. Unfortunately, these devices are still relatively large and are not suitable 

for racing purposes, but the second measuring set with this kind of software would be an elegant 

solution.  

Another possible continuation of the development is designing of similar measuring sets, 

which would be attached directly to the race car wheels. This could negatively influence  

the achievable accuracy of the measurement and access to chassis components, but on the other 

hand it will not be necessary to remove wheels from the car and also stands for supporting  

the car will not be necessary, which would further make the measurement faster, although  

at the expense of the achievable accuracy. This variant of the measuring sets would certainly 

find its customers. In the case of this variant, however, it would be necessary to design another 

equipment for ride height measurements.    

As the last point, it would be useful to verify the compass’s ability to reliably measure 

even in a magnetically noisy environment (This measurement should have been carried  

out also within the framework of this master’s thesis, unfortunately due to the considerable 

delay of delivery of the digital compass it was not possible to perform this measurement). 

However, according to the supplier (information on the web and email communication directly 

with the supplier) and based on information about common areas of use of this compass,  

it should be possible without any complications. however, since it is a rather unconventional 

solution for measuring of car’s chassis parameters, it is advisable to verify compass’s 

properties. For example, if a small magnet (used to attach holder of sensors to stands) would 

influence the measurement, it would be necessary to attach this holder to the stands in a different 

way, e.g. using the screws only. 
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

γ [°] Camber angle 

δ [°] Toe angle of the wheel 

δleft [°] Toe angle of the left wheel for the measurement with a compass 

δright [°] Toe angle of the right wheel for the measurement with a compass 

Δδcd [°] Accuracy of the toe angle measurement by a digital compass in °  

Δδld [°] Accuracy of the toe angle measurement by lasers in ° 

σ [°] Angle of steering axis of inclination 

σred [MPa] Equivalent stress (von Mises) 

τ [°] Caster angle 

A [mm] Distance between front rim tips for the toe angle measurement 

AB [mm] Vertical distance for camber measurement 

AD [mm] Upper horizontal distance for camber measurement 

Aleft [°] Azimuth measured on the left wheel 

Aref [°] Reference azimuth of the longitudinal plane of the car 

Aright [°] Azimuth of the right wheel 

B [mm] Distance between rear rim tips for the toe angle measurement 

BC [mm] Lower horizontal distance for camber measurement 

C0 [kN] Basic static load rating 

D [mm] Distance among holes in the side wall of the scale pad 

Dw [mm] Wheel diameter 

k [-] Factor of safety 

L [mm] Distance between tripod stands (in front of the car and behind the car) 

n [mm] Caster trail 

R1 [mm] Distance measured on the ruler in front of the car (toe angle measurement) 

R2 [mm] Distance measured on the ruler behind the car (toe angle measurement) 

Re [MPa] Yield strength 

Rm [MPa] Tensile strength 

rs [mm] Scrub radius 

RHm [mm] Measured ride height of the car 

RHr [mm] Real ride height of the car 

t [mm] Thickness of the laser beam 

X [mm] Overall toe angle of the given axle in mm 



BRNO 2017 

 

 

89 
 

DEFINITIONS, ACRONYMS, ABBREVIATIONS 

 

Xc [mm] Accuracy of the toe angle measurement by a digital compass in mm 

Xl [mm] Accuracy of the toe angle measurement by lasers in mm 
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A.1 COST OF THE FIRST MEASURING SET IN EUR 
 

Tab. A.1 Cost of the first measuring set in EUR 

Part 
Pcs. in 
basic 
ver. 

Pcs. in 
ext. ver. 

Cost of raw 
material 

Cost of 
manufacturing 

Cost of 1 part 
Cost of basic 

version 

Cost of 
extended 
version 

Stands with lasers and inclinometer 

Connecting head 4 4 3,83 € 10,36 € 14,19 € 56,77 € 56,77 € 

Bended sheet metal 8 8 1,91 € 7,44 € 9,35 € 74,82 € 74,82 € 

Base sheet metal 4 4 3,83 € 3,24 € 7,06 € 28,26 € 28,26 € 

Support roller shaft 8 8 0,72 € 0,86 € 1,58 € 12,62 € 12,62 € 

Support roller 8 8 Purchased component 37,28 € 298,22 € 298,22 € 

Bolt M8 8.8 16 16 Purchased component 0,09 € 1,46 € 1,46 € 

Washer for M8 16 16 Purchased component 0,01 € 0,15 € 0,15 € 

Bolt M3.5 8.8 20 24 Purchased component 0,02 € 0,36 € 0,44 € 

Bolt M10 12.9 8 8 Purchased component 0,34 € 2,70 € 2,70 € 

Washer for M10 16 16 Purchased component 0,01 € 0,15 € 0,15 € 

Nut M10 12.9 8 8 Purchased component 0,10 € 0,80 € 0,80 € 

Inclinometer 1 2 Purchased component 50,14 € 50,14 € 100,27 € 

Laser 2 4 Purchased component 89,27 € 178,54 € 357,08 € 

Laser holder 1 2 0,37 € 3,59 € 3,97 € 3,97 € 7,93 € 

Laser's sleeve 2 4 Purchased component 10,08 € 20,16 € 40,33 € 

External retaining 
ring 

8 8 Purchased component 0,05 € 0,36 € 0,36 € 

Locking head 2 4 Purchased component 0,56 € 1,12 € 2,24 € 

Small sheet metal for 
inclinometer 

1 2 0,10 € 0,14 € 0,24 € 0,24 € 0,47 € 

Small sheet metal for 
magnet 

4 4 0,31 € 2,75 € 3,06 € 12,25 € 12,25 € 

Connecting arm 1 2 0,77 € 2,46 € 3,23 € 3,23 € 6,45 € 

Neodymium magnet 1 2 Purchased component 11,21 € 11,21 € 22,41 € 

Guide rail 4 4 0,02 € 0,19 € 0,21 € 0,84 € 0,84 € 

Metal glue 1 1 Purchased component 9,49 € 9,49 € 9,49 € 

Thread insert to 
plastic 

4 8 Purchased component 0,55 € 2,19 € 4,38 € 

Subtotal 252,07 € 770,03 € 1 040,89 € 
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Scale's leveling pads + weight scales 

Base sheet metal 4 4 9,57 € 5,08 € 14,65 € 58,60 € 58,60 € 

Side wall sheet metal 
- short 

8 8 3,83 € 3,28 € 7,11 € 56,88 € 56,88 € 

Side wall sheet metal 
- long 

8 8 3,83 € 10,35 € 14,18 € 113,40 € 113,40 € 

Height-adjustable leg 16 16 Purchased component 2,43 € 38,85 € 38,85 € 

ProForm Scales 1 1 Purchased component 728,35 € 728,35 € 728,35 € 

Laser target 4 4 Purchased component 4,82 € 19,27 € 19,27 € 

Bolt M4 8.8 32 32 Purchased component 0,01 € 0,29 € 0,29 € 

Subtotal 771,54 € 1 015,64 € 1 015,64 € 

Tripod stand with lasers and rulers + rulers for longitudinal plane determination 

Ruler holder on stand 2 2 0,06 € 0,64 € 0,70 € 1,40 € 1,40 € 

Ruler holder on 
tripod 

2 2 0,14 € 1,29 € 1,42 € 2,84 € 2,84 € 

Laser holder 1 1 2 0,62 € 6,01 € 6,63 € 6,63 € 13,25 € 

Laser holder 2 2 2 0,57 € 5,60 € 6,17 € 12,34 € 12,34 € 

Laser   3 4 Purchased component 89,27 € 267,81 € 357,08 € 

Thread insert to 
plastic 

11 13 Purchased component 0,56 € 6,16 € 7,28 € 

Aluminum profile 500 
mm 

3 3 Purchased component 5,83 € 17,48 € 17,48 € 

Aluminum profile 250 
mm 

1 1 Purchased component 2,91 € 2,91 € 2,91 € 

Neodymium magnet 2 2 Purchased component 11,21 € 22,41 € 22,41 € 

Bolt M6 8.8  1 1 Purchased component 0,01 € 0,01 € 0,01 € 

Small water level 3 3 Purchased component 4,07 € 12,21 € 12,21 € 

Laser's sleeve 3 4 Purchased component 10,09 € 30,26 € 40,34 € 

Aluminum profile 95 
mm 

1 1 Purchased component 1,12 € 1,12 € 1,12 € 

Perpendicular 
fastener Bosch 

1 1 Purchased component 7,99 € 7,99 € 7,99 € 

Horizontally 
moveable holder 

2 2 1,17 € 11,08 € 12,25 € 24,50 € 24,50 € 

Aluminum profile 
2500 mm 

1 1 Purchased component 29,13 € 29,13 € 29,13 € 

End cap 0 4 Purchased component 0,97 € 0,00 € 3,88 € 

Gusset fastener 5 5 Purchased component 4,22 € 21,10 € 21,10 € 

Sheet metal   2 2 0,57 € 4,38 € 4,95 € 9,90 € 9,90 € 

T-bolt fastening kit 10 10 Purchased component 0,90 € 8,96 € 8,96 € 
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Ruler shorter 2 2 0,12 € 0,88 € 0,99 € 1,99 € 1,99 € 

Ruler longer 2 2 0,23 € 1,62 € 1,85 € 3,70 € 3,70 € 

Locking head 8 10 Purchased component 0,56 € 4,48 € 5,60 € 

Height-adjustable leg 3 3 Purchased component 2,43 € 7,28 € 7,28 € 

Subtotal 206,24 € 502,65 € 614,76 € 

Height-adjustable ramps 

Aluminum sheet 
metal 

4 4 15,31 € 4,06 € 19,37 € 77,48 € 77,48 € 

Horizontal support 
rod 

4 4 0,47 € 0,64 € 1,11 € 4,45 € 4,45 € 

Vertical support rod 8 8 0,21 € 1,19 € 1,39 € 11,16 € 11,16 € 

Height-adjustable leg 8 8 Purchased component 2,43 € 19,42 € 19,42 € 

Cotter pin 8 8 Purchased component 0,05 € 0,36 € 0,36 € 

Subtotal 24,35 € 112,88 € 112,88 € 

Ride height measurement equipment 

Draw-wire 
displacement sensor 

2 4 Purchased component 235,47 € 470,93 € 941,86 € 

Measuring rod 2 4 0,31 € 0,51 € 0,82 € 1,64 € 3,28 € 

Thread insert to 
plastic 

6 12 Purchased component 0,56 € 3,36 € 6,72 € 

Sensor holder 2 4 0,14 € 1,31 € 1,45 € 2,90 € 5,80 € 

Suction cup  2 4 Purchased component 15,32 € 30,64 € 61,28 € 

Subtotal 253,62 € 509,47 € 1 018,95 € 

Total 1 507,81 € 2 910,67 € 3 803,12 € 
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A.2 COST OF THE FIRST MEASURING SET IN CZK 
 

Tab. A.2 Cost of the first measuring set in CZK 

Part 
Pcs. in 
basic 
ver. 

Pcs. in 
ext. ver. 

Cost of raw 
material 

Cost of 
manufacturing 

Cost of 1 part 
Cost of basic 

version 

Cost of 
extended 
version 

Stands with lasers and inclinometer 

Connecting head 4 4 102,50 Kč 277,49 Kč 379,99 Kč 1 519,94 Kč 1 519,94 Kč 

Bended sheet metal 8 8 51,25 Kč 199,14 Kč 250,40 Kč 2 003,16 Kč 2 003,16 Kč 

Base sheet metal 4 4 102,50 Kč 86,64 Kč 189,14 Kč 756,56 Kč 756,56 Kč 

Support roller shaft 8 8 19,28 Kč 22,94 Kč 42,22 Kč 337,77 Kč 337,77 Kč 

Support roller 8 8 Purchased component 998,00 Kč 7 983,97 Kč 7 983,97 Kč 

Bolt M8 8.8 16 16 Purchased component 2,44 Kč 39,05 Kč 39,05 Kč 

Washer for M8 16 16 Purchased component 0,24 Kč 3,90 Kč 3,90 Kč 

Bolt M3.5 8.8 20 24 Purchased component 0,49 Kč 9,76 Kč 11,71 Kč 

Bolt M10 12.9 8 8 Purchased component 9,03 Kč 72,24 Kč 72,24 Kč 

Washer for M10 16 16 Purchased component 0,24 Kč 3,90 Kč 3,90 Kč 

Nut M10 12.9 8 8 Purchased component 2,68 Kč 21,48 Kč 21,48 Kč 

Inclinometer 1 2 Purchased component 1 342,28 Kč 1 342,28 Kč 2 684,55 Kč 

Laser 2 4 Purchased component 2 389,98 Kč 4 779,97 Kč 9 559,93 Kč 

Laser holder 1 2 10,01 Kč 96,16 Kč 106,16 Kč 106,16 Kč 212,32 Kč 

Laser's sleeve 2 4 Purchased component 269,92 Kč 539,84 Kč 1 079,68 Kč 

External retaining 
ring 

8 8 Purchased component 1,22 Kč 9,76 Kč 9,76 Kč 

Locking head 2 4 Purchased component 15,00 Kč 30,00 Kč 60,00 Kč 

Small sheet metal for 
inclinometer 

1 2 2,68 Kč 3,66 Kč 6,35 Kč 6,35 Kč 12,69 Kč 

Small sheet metal for 
magnet 

4 4 8,30 Kč 73,70 Kč 82,00 Kč 328,00 Kč 328,00 Kč 

Connecting arm 1 2 20,50 Kč 65,89 Kč 86,39 Kč 86,39 Kč 172,79 Kč 

Neodymium magnet 1 2 Purchased component 300,00 Kč 300,00 Kč 600,00 Kč 

Guide rail 4 4 0,49 Kč 5,13 Kč 5,61 Kč 22,45 Kč 22,45 Kč 

Metal glue 1 1 Purchased component 254,00 Kč 254,00 Kč 254,00 Kč 

Thread insert to 
plastic 

4 8 Purchased component 14,64 Kč 58,57 Kč 117,14 Kč 

Subtotal 6 748,42 Kč 20 615,50 Kč 27 867,01 Kč 
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Scale's leveling pads + weight scales 

Base sheet metal 4 4 256,25 Kč 135,94 Kč 392,19 Kč 1 568,75 Kč 1 568,75 Kč 

Side wall sheet metal 
- short 

8 8 102,50 Kč 87,86 Kč 190,36 Kč 1 522,87 Kč 1 522,87 Kč 

Side wall sheet metal 
- long 

8 8 102,50 Kč 277,00 Kč 379,50 Kč 3 035,98 Kč 3 035,98 Kč 

Height-adjustable leg 16 16 Purchased component 65,00 Kč 1 040,00 Kč 1 040,00 Kč 

ProForm Scales 1 1 Purchased component 19 499,61 Kč 19 499,61 Kč 19 499,61 Kč 

Laser target 4 4 Purchased component 129,00 Kč 516,00 Kč 516,00 Kč 

Bolt M4 8.8 32 32 Purchased component 0,24 Kč 7,81 Kč 7,81 Kč 

Subtotal 20 655,90 Kč 27 191,03 Kč 27 191,03 Kč 

Tripod stand with lasers and rulers + rulers for longitudinal plane determination 

Ruler holder on stand 2 2 1,71 Kč 17,08 Kč 18,79 Kč 37,58 Kč 37,58 Kč 

Ruler holder on 
tripod 

2 2 3,66 Kč 34,41 Kč 38,07 Kč 76,14 Kč 76,14 Kč 

Laser holder 1 1 2 16,60 Kč 160,83 Kč 177,42 Kč 177,42 Kč 354,85 Kč 

Laser holder 2 2 2 15,38 Kč 149,85 Kč 165,22 Kč 330,44 Kč 330,44 Kč 

Laser   3 4 Purchased component 2 389,99 Kč 7 169,97 Kč 9 559,96 Kč 

Thread insert to 
plastic 

11 13 Purchased component 15,00 Kč 165,00 Kč 195,00 Kč 

Aluminum profile 500 
mm 

3 3 Purchased component 156,00 Kč 468,00 Kč 468,00 Kč 

Aluminum profile 250 
mm 

1 1 Purchased component 78,00 Kč 78,00 Kč 78,00 Kč 

Neodymium magnet 2 2 Purchased component 300,00 Kč 600,00 Kč 600,00 Kč 

Bolt M6 8.8  1 1 Purchased component 0,24 Kč 0,24 Kč 0,24 Kč 

Small water level 3 3 Purchased component 109,00 Kč 327,00 Kč 327,00 Kč 

Laser's sleeve 3 4 Purchased component 270,00 Kč 810,00 Kč 1 080,00 Kč 

Aluminum profile 95 
mm 

1 1 Purchased component 30,00 Kč 30,00 Kč 30,00 Kč 

Perpendicular 
fastener Bosch 

1 1 Purchased component 214,00 Kč 214,00 Kč 214,00 Kč 

Horizontally 
moveable holder 

2 2 31,24 Kč 296,77 Kč 328,00 Kč 656,01 Kč 656,01 Kč 

Aluminum profile 
2500 mm 

1 1 Purchased component 780,00 Kč 780,00 Kč 780,00 Kč 

End cap 0 4 Purchased component 26,00 Kč 0,00 Kč 104,00 Kč 

Gusset fastener 5 5 Purchased component 113,00 Kč 565,00 Kč 565,00 Kč 

Sheet metal   2 2 15,38 Kč 117,14 Kč 132,52 Kč 265,04 Kč 265,04 Kč 

T-bolt fastening kit 10 10 Purchased component 24,00 Kč 240,00 Kč 240,00 Kč 
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Ruler shorter 2 2 3,17 Kč 23,43 Kč 26,60 Kč 53,20 Kč 53,20 Kč 

Ruler longer 2 2 6,10 Kč 43,44 Kč 49,54 Kč 99,08 Kč 99,08 Kč 

Locking head 8 10 Purchased component 15,00 Kč 120,00 Kč 150,00 Kč 

Height-adjustable leg 3 3 Purchased component 65,00 Kč 195,00 Kč 195,00 Kč 

Subtotal 5 521,40 Kč 13 457,12 Kč 16 458,54 Kč 

Height-adjustable ramps 

Aluminum sheet 
metal 

4 4 410,00 Kč 108,60 Kč 518,61 Kč 2 074,43 Kč 2 074,43 Kč 

Horizontal support 
rod 

4 4 12,69 Kč 17,08 Kč 29,77 Kč 119,10 Kč 119,10 Kč 

Vertical support rod 8 8 5,61 Kč 31,73 Kč 37,34 Kč 298,72 Kč 298,72 Kč 

Height-adjustable leg 8 8 Purchased component 65,00 Kč 520,00 Kč 520,00 Kč 

Cotter pin 8 8 Purchased component 1,22 Kč 9,76 Kč 9,76 Kč 

Subtotal 651,94 Kč 3 022,00 Kč 3 022,00 Kč 

Ride height measurement equipment 

Draw-wire 
displacement sensor 

2 4 Purchased component 6 303,96 Kč 12 607,91 Kč 25 215,82 Kč 

Measuring rod 2 4 8,30 Kč 13,67 Kč 21,96 Kč 43,93 Kč 87,86 Kč 

Thread insert to 
plastic 

6 12 Purchased component 15,00 Kč 90,00 Kč 180,00 Kč 

Sensor holder 2 4 3,66 Kč 35,14 Kč 38,80 Kč 77,61 Kč 155,22 Kč 

Suction cup  2 4 Purchased component 410,18 Kč 820,35 Kč 1 640,71 Kč 

Subtotal 6 789,90 Kč 13 639,80 Kč 27 279,60 Kč 

Total 40 367,57 Kč 77 925,45 Kč 101 818,17 Kč 
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B.1 COST OF THE SECOND MEASURING SET IN EUR 
Tab. B.1 Cost of the second measuring set in EUR 

Part 
Pcs. in 
basic 
ver. 

Pcs. in 
ext. ver. 

Cost of raw 
material 

Cost of 
manufacturing 

Cost of 1 part 
Cost of basic 

version 

Cost of 
extended 
version 

Stands with sensors 

Connecting head 4 4 3,83 € 10,36 € 14,19 € 56,77 € 56,77 € 

Bended sheet metal 8 8 1,91 € 7,44 € 9,35 € 74,82 € 74,82 € 

Base sheet metal 4 4 3,83 € 3,24 € 7,06 € 28,26 € 28,26 € 

Support roller shaft 8 8 0,72 € 0,86 € 1,58 € 12,62 € 12,62 € 

Support roller 8 8 Purchased component 37,28 € 298,22 € 298,22 € 

Bolt M8 8.8 16 16 Purchased component 0,09 € 1,46 € 1,46 € 

Washer for M8 16 16 Purchased component 0,01 € 0,15 € 0,15 € 

Bolt M3.5 8.8 20 24 Purchased component 0,02 € 0,36 € 0,44 € 

Bolt M10 12.9 8 8 Purchased component 0,34 € 2,70 € 2,70 € 

Washer for M10 16 16 Purchased component 0,01 € 0,15 € 0,15 € 

Nut M10 12.9 8 8 Purchased component 0,10 € 0,80 € 0,80 € 

Inclinometer 1 2 Purchased component 100,85 € 100,85 € 201,70 € 

Digital compass 1 2 Purchased component 866,00 € 866,00 € 1 732,00 € 

Compass holder 1 2 0,21 € 2,04 € 2,25 € 2,25 € 4,50 € 

External retaining ring 8 8 Purchased component 0,05 € 0,36 € 0,36 € 

Locking head 1 2 Purchased component 0,56 € 0,56 € 1,12 € 

Small sheet metal for 
magnet 

4 4 0,31 € 2,75 € 3,06 € 12,25 € 12,25 € 

Connecting arm 1 2 1,91 € 4,63 € 6,55 € 6,55 € 13,09 € 

Neodymium magnet 1 2 Purchased component 11,21 € 11,21 € 22,41 € 

Guide rail 4 4 0,02 € 0,19 € 0,21 € 0,84 € 0,84 € 

Metal glue 1 1 Purchased component 9,49 € 9,49 € 9,49 € 

Thread insert to 
plastic 

4 8 Purchased component 0,55 € 2,19 € 4,38 € 

Subtotal 1 070,79 € 1 488,84 € 2 478,52 € 

Small tripod stand in front of a car with laser and digital compass 

Compass holder 1 1 0,27 € 2,63 € 2,90 € 2,90 € 2,90 € 

Laser holder 1 2 0,62 € 6,01 € 6,63 € 6,63 € 13,25 € 
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Laser   1 2 Purchased component 89,27 € 89,27 € 178,54 € 

Laser's sleeve 1 2 Purchased component 10,09 € 10,09 € 20,17 € 

Thread insert to 
plastic 

4 6 Purchased component 0,56 € 2,24 € 3,36 € 

Aluminum profile 500 
mm 

2 2 Purchased component 5,83 € 11,65 € 11,65 € 

Aluminum profile 250 
mm 

1 1 Purchased component 2,91 € 2,91 € 2,91 € 

End cap 2 2 Purchased component 0,97 € 1,94 € 1,94 € 

Gusset fastener 5 5 Purchased component 4,22 € 21,10 € 21,10 € 

Locking head 4 6 Purchased component 0,55 € 2,19 € 3,28 € 

Aluminum profile 95 
mm 

1 1 Purchased component 1,12 € 1,12 € 1,12 € 

Perpendicular fastener 
Bosch 

1 1 Purchased component 7,99 € 7,99 € 7,99 € 

Small water level 3 3 Purchased component 4,07 € 12,21 € 12,21 € 

Sheet metal   2 2 0,57 € 4,38 € 4,95 € 9,90 € 9,90 € 

T-bolt fastening kit 10 10 Purchased component 0,90 € 8,96 € 8,96 € 

Height-adjustable leg 3 3 Purchased component 2,43 € 7,28 € 7,28 € 

Subtotal 145,38 € 198,40 € 306,60 € 

Scale's leveling pads + weight scales 

Base sheet metal 4 4 9,57 € 5,08 € 14,65 € 58,60 € 58,60 € 

Side wall sheet metal - 
short 

8 8 3,83 € 3,28 € 7,11 € 56,88 € 56,88 € 

Side wall sheet metal - 
long 

8 8 3,83 € 10,35 € 14,18 € 113,40 € 113,40 € 

Height-adjustable leg 16 16 Purchased component 2,43 € 38,85 € 38,85 € 

ProForm Scales 1 1 Purchased component 728,35 € 728,35 € 728,35 € 

Laser target 4 4 Purchased component 4,82 € 19,27 € 19,27 € 

Bolt M4 8.8 32 32 Purchased component 0,01 € 0,29 € 0,29 € 

Subtotal 771,54 € 1 015,64 € 1 015,64 € 

Longitudinal plane determination equipment 

Ruler holder 2 2 0,06 € 0,64 € 0,70 € 1,40 € 1,40 € 

Laser holder 2 2 0,57 € 5,60 € 6,17 € 12,34 € 12,34 € 

Laser   2 2 Purchased component 89,27 € 178,54 € 178,54 € 

Thread insert to 
plastic 

7 7 Purchased component 0,56 € 3,92 € 3,92 € 

Aluminum profile 500 
mm 

3 3 Purchased component 5,83 € 17,48 € 17,48 € 

Aluminum profile 250 
mm 

1 1 Purchased component 2,91 € 2,91 € 2,91 € 
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Neodymium magnet 2 2 Purchased component 11,21 € 22,41 € 22,41 € 

Bolt M6 8.8 5 5 Purchased component 0,01 € 0,05 € 0,05 € 

Small water level 3 3 Purchased component 4,07 € 12,21 € 12,21 € 

Laser's sleeve 2 2 Purchased component 10,09 € 20,17 € 20,17 € 

Aluminum profile 95 
mm 

1 1 Purchased component 1,12 € 1,12 € 1,12 € 

Perpendicular fastener 
Bosch 

1 1 Purchased component 7,99 € 7,99 € 7,99 € 

Horizontally moveable 
holder 

2 2 1,17 € 11,08 € 12,25 € 24,50 € 24,50 € 

Aluminum profile 
2500 mm 

1 1 Purchased component 29,13 € 29,13 € 29,13 € 

End cap 2 2 Purchased component 0,97 € 1,94 € 1,94 € 

Gusset fastener 5 5 Purchased component 4,22 € 21,10 € 21,10 € 

Sheet metal   2 2 0,57 € 4,38 € 4,95 € 9,90 € 9,90 € 

T-bolt fastening kit 10 10 Purchased component 0,90 € 8,96 € 8,96 € 

Ruler 2 2 0,12 € 0,88 € 0,99 € 1,99 € 1,99 € 

Locking head 4 4 Purchased component 0,55 € 2,19 € 2,19 € 

Height-adjustable leg 3 3 Purchased component 2,43 € 7,28 € 7,28 € 

Subtotal 196,32 € 387,57 € 387,57 € 

Height-adjustable ramps 

Aluminum sheet metal 4 4 15,31 € 4,06 € 19,37 € 77,48 € 77,48 € 

Horizontal support rod 4 4 0,47 € 0,64 € 1,11 € 4,45 € 4,45 € 

Vertical support rod 8 8 0,21 € 1,19 € 1,39 € 11,16 € 11,16 € 

Height-adjustable leg 8 8 Purchased component 2,43 € 19,42 € 19,42 € 

Cotter pin 8 8 Purchased component 0,05 € 0,36 € 0,36 € 

Subtotal 24,35 € 112,88 € 112,88 € 

Ride height measurement equipment 

Draw-wire 
displacement sensor 

2 4 Purchased component 235,47 € 470,93 € 941,86 € 

Measuring rod 2 4 0,31 € 0,51 € 0,82 € 1,64 € 3,28 € 

Thread insert to 
plastic 

6 12 Purchased component 0,56 € 3,36 € 6,72 € 

Sensor holder 2 4 0,14 € 1,31 € 1,45 € 2,90 € 5,80 € 

Suction cup  2 4 Purchased component 15,32 € 30,64 € 61,28 € 

Subtotal 253,62 € 509,47 € 1 018,95 € 

Total 2 462,00 € 3 712,80 € 5 320,14 € 
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B.2 COST OF THE SECOND MEASURING SET IN CZK 
Tab. B.2 Cost of the second measuring set in CZK 

Part 
Pcs. in 
basic 
ver. 

Pcs. in 
ext. ver. 

Cost of raw 
material 

Cost of 
manufacturing 

Cost of 1 part 
Cost of basic 

version 

Cost of 
extended 
version 

Stands with sensors 

Connecting head 4 4 102,50 Kč 277,49 Kč 379,99 Kč 1 519,94 Kč 1 519,94 Kč 

Bended sheet metal 8 8 51,25 Kč 199,14 Kč 250,40 Kč 2 003,16 Kč 2 003,16 Kč 

Base sheet metal 4 4 102,50 Kč 86,64 Kč 189,14 Kč 756,56 Kč 756,56 Kč 

Support roller shaft 8 8 19,28 Kč 22,94 Kč 42,22 Kč 337,77 Kč 337,77 Kč 

Support roller 8 8 Purchased component 998,00 Kč 7 983,97 Kč 7 983,97 Kč 

Bolt M8 8.8 16 16 Purchased component 2,44 Kč 39,05 Kč 39,05 Kč 

Washer for M8 16 16 Purchased component 0,24 Kč 3,90 Kč 3,90 Kč 

Bolt M3.5 8.8 20 24 Purchased component 0,49 Kč 9,76 Kč 11,71 Kč 

Bolt M10 12.9 8 8 Purchased component 9,03 Kč 72,24 Kč 72,24 Kč 

Washer for M10 16 16 Purchased component 0,24 Kč 3,90 Kč 3,90 Kč 

Nut M10 12.9 8 8 Purchased component 2,68 Kč 21,48 Kč 21,48 Kč 

Inclinometer 1 2 Purchased component 2 699,99 Kč 2 699,99 Kč 5 399,98 Kč 

Digital compass 1 2 Purchased component 23 184,77 Kč 23 184,77 Kč 46 369,54 Kč 

Compass holder 1 2 5,61 Kč 54,67 Kč 60,28 Kč 60,28 Kč 120,56 Kč 

External retaining ring 8 8 Purchased component 1,22 Kč 9,76 Kč 9,76 Kč 

Locking head 1 2 Purchased component 15,00 Kč 15,00 Kč 30,00 Kč 

Small sheet metal for 
magnet 

4 4 8,30 Kč 73,70 Kč 82,00 Kč 328,00 Kč 328,00 Kč 

Connecting arm 1 2 51,25 Kč 123,98 Kč 175,23 Kč 175,23 Kč 350,46 Kč 

Neodymium magnet 1 2 Purchased component 300,00 Kč 300,00 Kč 600,00 Kč 

Guide rail 4 4 0,49 Kč 5,13 Kč 5,61 Kč 22,45 Kč 22,45 Kč 

Metal glue 1 1 Purchased component 254,00 Kč 254,00 Kč 254,00 Kč 

Thread insert to 
plastic 

4 8 Purchased component 14,64 Kč 58,57 Kč 117,14 Kč 

Subtotal 28 667,61 Kč 39 859,79 Kč 66 355,58 Kč 

Small tripod stand in front of a car with laser and digital compass 

Compass holder 1 1 7,32 Kč 70,29 Kč 77,61 Kč 77,61 Kč 77,61 Kč 

Laser holder 1 2 16,60 Kč 160,83 Kč 177,42 Kč 177,42 Kč 354,85 Kč 
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Laser   1 2 Purchased component 2 389,99 Kč 2 389,99 Kč 4 779,98 Kč 

Laser's sleeve 1 2 Purchased component 270,00 Kč 270,00 Kč 540,00 Kč 

Thread insert to 
plastic 

4 6 Purchased component 15,00 Kč 60,00 Kč 90,00 Kč 

Aluminum profile 500 
mm 

2 2 Purchased component 156,00 Kč 312,00 Kč 312,00 Kč 

Aluminum profile 250 
mm 

1 1 Purchased component 78,00 Kč 78,00 Kč 78,00 Kč 

End cap 2 2 Purchased component 26,00 Kč 52,00 Kč 52,00 Kč 

Gusset fastener 5 5 Purchased component 113,00 Kč 565,00 Kč 565,00 Kč 

Locking head 4 6 Purchased component 14,64 Kč 58,57 Kč 87,86 Kč 

Aluminum profile 95 
mm 

1 1 Purchased component 30,00 Kč 30,00 Kč 30,00 Kč 

Perpendicular fastener 
Bosch 

1 1 Purchased component 214,00 Kč 214,00 Kč 214,00 Kč 

Small water level 3 3 Purchased component 109,00 Kč 327,00 Kč 327,00 Kč 

Sheet metal   2 2 15,38 Kč 117,14 Kč 132,52 Kč 265,04 Kč 265,04 Kč 

T-bolt fastening kit 10 10 Purchased component 24,00 Kč 240,00 Kč 240,00 Kč 

Height-adjustable leg 3 3 Purchased component 65,00 Kč 195,00 Kč 195,00 Kč 

Subtotal 3 892,18 Kč 5 311,62 Kč 8 208,32 Kč 

Scale's leveling pads + weight scales 

Base sheet metal 4 4 256,25 Kč 135,94 Kč 392,19 Kč 1 568,75 Kč 1 568,75 Kč 

Side wall sheet metal - 
short 

8 8 102,50 Kč 87,86 Kč 190,36 Kč 1 522,87 Kč 1 522,87 Kč 

Side wall sheet metal - 
long 

8 8 102,50 Kč 277,00 Kč 379,50 Kč 3 035,98 Kč 3 035,98 Kč 

Height-adjustable leg 16 16 Purchased component 65,00 Kč 1 040,00 Kč 1 040,00 Kč 

ProForm Scales 1 1 Purchased component 19 499,61 Kč 19 499,61 Kč 19 499,61 Kč 

Laser target 4 4 Purchased component 129,00 Kč 516,00 Kč 516,00 Kč 

Bolt M4 8.8 32 32 Purchased component 0,24 Kč 7,81 Kč 7,81 Kč 

Subtotal 20 655,90 Kč 27 191,03 Kč 27 191,03 Kč 

Longitudinal plane determination equipment 

Ruler holder 2 2 1,71 Kč 17,08 Kč 18,79 Kč 37,58 Kč 37,58 Kč 

Laser holder 2 2 15,38 Kč 149,85 Kč 165,22 Kč 330,44 Kč 330,44 Kč 

Laser   2 2 Purchased component 2 389,99 Kč 4 779,98 Kč 4 779,98 Kč 

Thread insert to 
plastic 

7 7 Purchased component 15,00 Kč 105,00 Kč 105,00 Kč 

Aluminum profile 500 
mm 

3 3 Purchased component 156,00 Kč 468,00 Kč 468,00 Kč 

Aluminum profile 250 
mm 

1 1 Purchased component 78,00 Kč 78,00 Kč 78,00 Kč 
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Neodymium magnet 2 2 Purchased component 300,00 Kč 600,00 Kč 600,00 Kč 

Bolt M6 8.8 5 5 Purchased component 0,24 Kč 1,22 Kč 1,22 Kč 

Small water level 3 3 Purchased component 109,00 Kč 327,00 Kč 327,00 Kč 

Laser's sleeve 2 2 Purchased component 270,00 Kč 540,00 Kč 540,00 Kč 

Aluminum profile 95 
mm 

1 1 Purchased component 30,00 Kč 30,00 Kč 30,00 Kč 

Perpendicular fastener 
Bosch 

1 1 Purchased component 214,00 Kč 214,00 Kč 214,00 Kč 

Horizontally moveable 
holder 

2 2 31,24 Kč 296,77 Kč 328,00 Kč 656,01 Kč 656,01 Kč 

Aluminum profile 
2500 mm 

1 1 Purchased component 780,00 Kč 780,00 Kč 780,00 Kč 

End cap 2 2 Purchased component 26,00 Kč 52,00 Kč 52,00 Kč 

Gusset fastener 5 5 Purchased component 113,00 Kč 565,00 Kč 565,00 Kč 

Sheet metal   2 2 15,38 Kč 117,14 Kč 132,52 Kč 265,04 Kč 265,04 Kč 

T-bolt fastening kit 10 10 Purchased component 24,00 Kč 240,00 Kč 240,00 Kč 

Ruler 2 2 3,17 Kč 23,43 Kč 26,60 Kč 53,20 Kč 53,20 Kč 

Locking head 4 4 Purchased component 15,00 Kč 60,00 Kč 60,00 Kč 

Height-adjustable leg 3 3 Purchased component 65,00 Kč 195,00 Kč 195,00 Kč 

Subtotal 5 256,36 Kč 10 377,46 Kč 10 377,46 Kč 

Height-adjustable ramps 

Aluminum sheet metal 4 4 410,00 Kč 108,60 Kč 518,61 Kč 2 074,43 Kč 2 074,43 Kč 

Horizontal support rod 4 4 12,69 Kč 17,08 Kč 29,77 Kč 119,10 Kč 119,10 Kč 

Vertical support rod 8 8 5,61 Kč 31,73 Kč 37,34 Kč 298,72 Kč 298,72 Kč 

Height-adjustable leg 8 8 Purchased component 65,00 Kč 520,00 Kč 520,00 Kč 

Cotter pin 8 8 Purchased component 1,22 Kč 9,76 Kč 9,76 Kč 

Subtotal 651,94 Kč 3 022,00 Kč 3 022,00 Kč 

Ride height measurement equipment 

Draw-wire 
displacement sensor 

2 4 Purchased component 6 303,96 Kč 12 607,91 Kč 25 215,82 Kč 

Measuring rod 2 4 8,30 Kč 13,67 Kč 21,96 Kč 43,93 Kč 87,86 Kč 

Thread insert to 
plastic 

6 12 Purchased component 15,00 Kč 90,00 Kč 180,00 Kč 

Sensor holder 2 4 3,66 Kč 35,14 Kč 38,80 Kč 77,61 Kč 155,22 Kč 

Suction cup  2 4 Purchased component 410,18 Kč 820,35 Kč 1 640,71 Kč 

Subtotal 6 789,90 Kč 13 639,80 Kč 27 279,60 Kč 

Total 65 913,89 Kč 99 401,69 Kč 142 433,98 Kč 

 


