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Abstract. As part of a research project aimed at designing the structure of a new special-purpose multi-axle semitrailer 
for transporting large machines and equipment, a simulation study on the manoeuvrability of the semitrailer during its 
passage through a tight corner was performed. The aim of this study was to determine whether the semitrailer would 
meet the legal requirements regarding manoeuvrability after it has been implemented for production. The simulations 
were carried out using a specially designed spreadsheet. The spreadsheet enabled analysis of the movements of the 
wheels of the tractor-trailer combination, with the assumption that they roll without skidding; it also described changes 
in the steering angles of trailer wheels, as well as off-tracking and corner-cutting during turning. When the geometrical 
parameters of the tractor and trailer were changed, the spreadsheet allowed tracing their impact on the manoeuvrabil-
ity of the whole combination. This paper presents the results of the simulations and points to the desired features of a 
semitrailer steering system that facilitate negotiating tight corners.
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swinging.

Corresponding author: Grzegorz Koszałka
E-mail: g.koszalka@pollub.pl
Copyright © 2015 Vilnius Gediminas Technical University (VGTU) Press
http://www.tandfonline.com/TRAN

Introduction 

Traffic places increasing demands on drivers and ve-
hicles. High traffic congestion and narrow streets with 
large numbers of turns and roundabouts require con-
centration on the part of the driver, but they are also 
a challenge to designers of modern steering systems in 
vehicles. Such systems should facilitate negotiation of 
turns with small radii and narrow road surface. Systems 
of this kind are particularly desirable in the case of long 
road vehicles consisting of a tractor unit and semitrailer. 
In combinations, there are usually two separate steer-
ing systems: the tractor and the trailer ones. While trac-
tor steering systems can be considered as quite refined 
(Dixon 2009; Ormezowski 2008), even though research 
is still being done on their development (Gidlewski 
2011; Hussain et al. 2005), their counterparts in trailers, 
especially long, multi-axial semitrailers, require further 
research and development, which are intensively con-
ducted (Berjoza 2008; Bortoni-Anzures et al. 2008; Ding 
et al. 2013; He et al. 2010; Kharrazi et al. 2013; Odhams 
et al. 2011; Percy, Spark 2012; Rangavajhula, Tsao 2008). 

The steering system of a long semitrailer, as a sepa-
rate unit, should respond to the movements of the trac-

tor, at the same time carrying out two tasks: it should 
ensure proper alignment of the wheels in a turn, which 
affects the parasitic losses connected with side slipping 
of the trailer wheels, and provide adequate trajectory 
of movement of the entire trailer behind the tractor 
so that it does not cause excessive corner cutting or 
out-swinging. Minor errors in steering the position of 
trailer wheels are unimportant. This is because pneu-
matic tyres can bend in the lateral direction. This allows 
all the wheels of the trailer to negotiate the same turn 
without a skid despite small deviations from the correct 
position. However, greater errors in steering the wheels 
result in skidding and increased tyre wear, as well as 
considerable load for the tractor unit and the structure 
of the semitrailer, especially in the case of a heavy and 
long one. This effect is dependent on the type of tyres, 
their profiles, the degree of inflation, the radius of the 
wheels, their load, as well as the surface of the road and 
its form (Liu, Caroux 2011). Unfortunately, both minor 
and greater errors in steering the position of wheels have 
an impact on the direction of movement of the trailer 
during a turn; this makes it very difficult to precisely 
determine the actual trajectory of the movements of the 
entire trailer (Tabatabaei Oreh et al. 2012).
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It is therefore important that designers developing 
semitrailer steering systems should take into account 
the optimal steering angle of the wheels in the different 
phases of negotiating a turn. It should be determined 
which of the geometric parameters of the trailer and 
its steering system facilitate the proper execution of the 
turning manoeuvre. 

The analyses presented in this paper were per-
formed to determine the possibility of meeting the legal 
requirements on the manoeuvrability of a tractor-trailer 
combination. They were used by Wielton Company 
(http://wielton.com.pl) to develop specific guidelines for 
designing a new oversize semitrailer. 

1. Assumption to the Semitrailer Design  
and Aim of the Work 

The presented simulation studies were carried out as part 
of a project whose aim was to design the structure of a 
new special semitrailer for transporting large machinery 
and equipment, and then implement it for production 
at Wielton Company. In addition to the work done on 
the steering system of the semitrailer, simultaneous re-
search concerned the development of its support struc-
ture (Dębski et al. 2012) and the systems enhancing the 
safety of the vehicle and the payload (Koszałka, Olejnik 
2012; Stokłosa et al. 2012) were conducted. 

The semitrailer designed was to have a payload of 
60 tonnes and Gross Vehicle Weight of 84 tonnes (24 
tonnes supported by the fifth wheel and 60 tonnes on 
five axles). For functional reasons it was assumed that 
the main, low platform would have a length of 5.5 m 
and the length could be extended by at least 2 m. The 
width of both the low and rear platforms should also be 
extended by 0.55 m. For design and legal reasons the 
distance between axle lines was initially established to 
approximately 1.5 m. It was also assumed that the design 
of the semitrailer should make it possible to couple it 
to a tractor unit with a maximum number of four axles 
(Fig. 1). 

The semitrailer designed was to be a special pur-
pose vehicle, so it did not have to comply with all stand-
ard requirements – Directive 96/53 (EC 1996), Commis-
sion Regulation (EU) No 1230/2012 (EU 2012). How-
ever, the manufacturer  – Wielton Company decided 
that the semitrailer should meet German requirements 
specified in TÜV recommendations (Richtlinien für die 
Erteilung… 1993). 

The aim of the analysis presented in this paper was 
to determine whether the semitrailer could meet the ve-
hicle manoeuvrability criteria specified in TÜV guide-
lines (Table 1), and if those criteria could be met with 
one non-steerable axle (Richtlinien für die Erteilung… 
1993). Applying a non-steerable axle would make the 
design simpler and improve the lateral performance of 
the semitrailer.

2. Analysis of the Turn Manoeuvre of  
a Tractor–Semitrailer Combination

To prevent side slipping of the wheels of a multi-axi-
al semitrailer during the negotiation of a bend at low 
speed, when inertial forces can be neglected, the wheels 
should be turned to the angles for which the instanta-
neous direction of the linear displacement of the wheel 
and the principal plane of the wheel are congruent. This 
condition is satisfied if the extensions of all wheels cross 
at one point (O2 in Fig. 2). Almost all standard two- or 
three-axial semitrailers are equipped with non-steerable 
axels. That means that the above condition cannot be 

Fig. 1. Sketch of the analysed tractor-semitrailer combination

Table 1. Summary of requirements regarding tractor-trailer combinations negotiating a turn (Richtlinien für die Erteilung… 1993)

Combination length [m] Curve [°] Outer radius [m] Inner radius [m] Road space [m] Max. rear out swing [m]

<17.5 360 12.5 5.3 7.2 0.8
>17.5 and ≤20 120 12.5 5.3 7.2 1.1
>20 and ≤23 120 14 6.5 7.5 1.4*

>23 and ≤25 120 14 6.0 8.0 1.4*

>25 and ≤27 120 14 5.0 9.0 1.4*

Note: *manual steering allowed.

Fig. 2. The correct settings for the wheels of the tractor  
and the semitrailer during a turn
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fulfilled and the unturned wheels of such semitrailers 
moving in a turn, especially a tight one, have to skid. 
Such tire scrubbing increases fuel consumption and tire 
wear and creates additional strain on the trailer body 
and on the road. To reduce these undesirable effects, 
a rearmost steerable axle is sometimes used, even in 
standard semitrailers. Usually a self-steering axle is used 
in which the wheels turn automatically under the influ-
ence of lateral tire forces. 

In the case of heavy and long semitrailers with large 
distances between extreme axles, as investigated in the 
present paper, substantial tire side slipping/scrubbing 
is unacceptable, because it would create large crosswise 
forces acting on the frame, axles and wheels of the semi-
trailer. Therefore, positively steered axles and proper 
steering systems are applied in such semitrailers. The 
role of the steering system during low speed cornering 
is to provide the steering angles of the wheels which sat-
isfy the conditions for ideal turning. At such a setting of 
the wheels and low speed of trailer on hard and smooth 
pavement, the side slipping of the wheels is small. It 
should be noted that during the test of manoeuvrability 
according to TÜV recommendations the tractor-trailer 
combination drives at a very low speed (Richtlinien für 
die Erteilung… 1993). Therefore, side slipping of the 
wheels was neglected in the theoretical investigation of 
the semitrailer manoeuvrability presented here. 

An analysis of the positions of the wheels of a trac-
tor-semitrailer combination negotiating a turn, assum-
ing the wheels move without a skid, reveals the follow-
ing regularities. In the tractor, in accordance with ideal 
steering geometry, protractions of the steerable wheel 
axle should intersect with the direction of the rear non-
steerable axle at one point O1, creating an instant turn-
ing centre of the tractor (Fig. 2). 

In the semitrailer, on the other hand, assuming that 
the axis of the tractor’s fifth-wheel kingpin is positioned 
over the centre of the rear non-steerable axle of the trac-
tor, the directions of the axles of all semitrailer wheels 
should intersect with this axis at a single point O2, there-
by defining an instant turning centre of the semitrailer. 
When all of the semitrailer’s wheels are steerable, this 
point can practically take any position on the axis of 
the non-steerable axle of the tractor, limited solely by 
the possible steering angles of the semitrailer wheels. A 
straight line projected from this point perpendicularly to 
the axis of the semitrailer sets the apparent non-steera-
ble axle of the semitrailer. The variable position of the 
instant turning centre of the semitrailer means that this 
axle changes its position, approaching or moving away 
from the kingpin. 

In the case of semitrailers having a real axle with 
non-steerable wheels, the instant turning centre is lo-
cated at the point of intersection of the axis of this axle 
with the axis of the non-steerable axle of the tractor. As 
shown in the diagram, during the execution of a turn 
by a combination vehicle, the points O1 and O2 of the 
instant turning centres of the tractor and the semitrailer 
tend to diverge. However, when negotiating a turn, the 
point of the instant turning centre of the semitrailer fol-

lows the point of the instant turning centre of the trac-
tor, and in a longer turn it can ‘catch up’, which may lead 
to unification of the two points. The above geometric 
relations for wheels turning without skidding should 
characterize properly functioning steering mechanisms 
of the tractor and the semitrailer. The mathematical de-
scription of these relations was used to develop a special 
spreadsheet for the theoretical study of the manoeuvra-
bility of the trailer.

3. Spreadsheet for the Theoretical Study  
of the Manoeuvrability of the Trailer

The numerical spreadsheet developed facilitates analy-
sis of the movements of the wheels of the tractor-semi-
trailer combination with the assumption that they roll 
without skidding. It calculates the steering angles of the 
semitrailer wheels, as well as rear out-swinging and cor-
ner cutting during turning. The input data entered into 
the spreadsheet include the geometric parameters of the 
tractor-semitrailer combination and the bend (Fig. 3). 

Tractor parameters:
 – pc – distance from the front bumper to the axle 
of the tractor’s steerable front wheels;

 – c – distance from the front steerable axle to the 
rear non-steerable axle of the tractor;

 – kc – distance from the rear non-steerable axle to 
the tractor’s rearmost point;

 – sc – width of the tractor.
Semitrailer parameters:

 – nok – distance from the kingpin to the last steer-
able axle of the semitrailer;

 – noi – distance from the kingpin to the axle num-
ber i of the semitrailer;

 – nl – distance from the kingpin to the rear bumper;

Fig. 3. Primary geometric parameters in the tractor-
semitrailer combination manoeuvrability spreadsheet
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 – pn – distance from the front of the semitrailer to 
the kingpin;

 – sn – width of the semitrailer;
 – son – distance between the stub axles of steerable 
axle wheels;

 – spn – radius swept by semitrailer wheels.
Bend parameters include inner r and outer R radius 

as well as the angle of the bend curve. Because the aim of 
the simulations presented was to test the manoeuvrabili-
ty of the non-standard large size semitrailer according to 
TÜV recommendations (Richtlinien für die Erteilung… 
1993), the value of these parameters were adjusted to the 
length of the tractor-semitrailer combination (Table 1). 

In the first version of the program, parameter n 
specifying the distance of the non-steerable axle of the 
trailer from the kingpin was also introduced as an in-
put datum. Initial calculations revealed that the greater 
the value of n, the greater the corner cutting, while a 
decrease in n increases trailer out-swinging in the first 
phase of the turn. Thus, to ensure both the out-swinging 
and corner cutting at the lowest possible level, the value 
of n should be changed during negotiation of the bend 
and should be related to the articulation angle between 
the tractor and the semitrailer in such a way that it de-
creases together with the increase of the articulation an-
gle. Of course, the non-constant value of n means that 
all the trailer axles have to be steerable ones (it is not 
possible to move a real rigid axle forward and backward 
in a real trailer). 

Taking this into account, in the final version of the 
program parameter n, now specifying the distance of the 
apparent non-steerable axle from the hitching point, was 
related to articulation angle γ between the tractor and 
the semitrailer (Fig. 2) by the equation:

n = a ⋅ γk + b,  (1)

where: a, b, and k are coefficients of the equation, which 
are introduced into the program as input data. 

Applying such relation made the program more 
universal because it enables different relations between 
n and γ to be tested, including constant n (k = 0). 

In the mathematical model it is assumed that point 
A located in the right corner of the front bumper of the 
tractor moves along the curve representing the right 
curb of the road (Figs 3 and 4). Calculations in the pro-
gram are executed step by step with the elementary step 
corresponding to the constant increment in the position 
of the semitrailer on turn p. The value of position p is 
determined as the value of the displacement of point 
A along the right curb of the road, measuring it from 
the start of the turn. The length of the calculation step 
can be set. In the case of the calculation presented, the 
elementary increase in p corresponded to an angular 
movement of one degree on the circular arc of the bend. 

In order to enable the simulation of manual steer-
ing of semitrailer wheels during a turn (it is planned that 
the steering system of the new semitrailer will enable 

manual steering at low speeds), a correction of factor 
b was made possible at any position of the semitrailer 
on turn p. After executing the calculations for a given 
value of b, it is possible to enter a new value of b cor-
responding to a chosen value of p, and then calculations 
are executed from that position of semitrailer on turn 
p. The new value of b can be entered for any p as many 
times as desired. 

Results of calculations for different values of the 
individual coefficients of the equation provided infor-
mation on their impact on the correctness of the trailer’s 
turn and permitted determination of the most favourable 
relationship n(γ) allowing optimum negotiation of turns 
with a small radius and narrow road surface. Realization 
of the chosen relationship will be a task for the future 
steering system of the semitrailer. A command steering 
system, probably supported with some active elements, 
is planned to be used in the designed semitrailer.

The results of simulations are available as data se-
ries and are shown in the form of a visualization of the 
tracks of semitrailer wheel movement, against the back-
ground of an outline of the curbs on the bend (Fig. 4). 
Trajectories of the displacement of the rear right corner 
of the semitrailer (5), indicating the furthermost point 
of semitrailer swing-out (6), and the displacement of the 
point on the semitrailer which is closest to the centre of 
the bend (7), indicating the point of closest approach 
(8), are plotted. The visualisation also shows the articu-
lation angle between the semitrailer and the tractor and 
the turning angles of the trailer’s two rearmost wheels 
(Fig. 4). Trajectories and turning angles of the wheels of 
the additional i axle could optionally also be shown, as 
in further figures. 

Fig. 4. A visualization of the results of spreadsheet simulation: 
1 – an outline of the tractor-semitrailer combination; 2 – point 
A of the tractor’s front bumper; 3  – roundabout island; 4  – 
right curb of the road; 5 – trajectory of the displacement of the 
rear right corner of the semitrailer; 6 – furthermost point of 
trailer out-swinging; 7 – trajectory of the displacement of the 
point on the trailer closest to the centre of the bend; 8 – point 
of closest approach to the centre of the bend; 9 – trajectories 
of the right and left rearmost wheels of the semitrailer; 10 – 
articulation angle between semitrailer and tractor; 11 – steering 
angles of the semitrailer’s two rearmost wheels (right and left)
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4. Analysis of the Behaviour of a Multi-Axial 
Semitrailer at a Bend

The analyses were conducted for the geometric data cor-
responding to the parameters of the designed semitrailer 
and TÜV requirements (Richtlinien für die Erteilung… 
1993). 

Since the semitrailer’s length and width were ad-
justable and it was assumed that the semitrailer should 
meet the TÜV regulations (Richtlinien für die Er-
teilung… 1993) in all semitrailer-tractor configurations, 
minimum and maximum lengths and widths were con-
sidered in the first stage of the simulations. The geomet-
ric parameters of the tractor and the semitrailer used in 
the analysis are summarized in Table 2. 

Table 2. The geometric parameters of the tractor-semitrailer 
combination tested for steering behaviour in a bend

Tractor Semitrailer

pc 1.44 m pn 1.40 m
c 3.06 m nok 15.74 + 2.00 m

kc 1.40 m nl 16.54 + 2.00 m
sc 3.07 m sn 2.55 + 0.55 m

son 1.19 m
spn 0.41 m

The aim of the first stage of the simulations was to 
check if the semitrailer equipped with one non-steerable 
axle could meet the requirements. Thus the first tests 
of the behaviour of the semitrailer at a bend were car-
ried out with the assumption that the value of param-
eter n remained constant throughout the whole turning 
manoeuvre. This corresponded to the semitrailer with 
one non-steerable axle located in the distance n from 
the kingpin. Different values of parameter n were tested 
to determine the range for which the semitrailer would 
meet the criteria described in Table 1. This was achieved 
for n in the range of 8.38–10.62 m in the case of non-
extended semitrailer (basic values of length and width 
presented in Table 2) and for n in the range of 10.78–
10.94 m in the case of extended semitrailer (length and 
width enlarged by 2 and 0.55 m, respectively). The range 
of permissible values of n for the extended semitrailer 
was very narrow. For n = 10.94 m, the semitrailer turned 
approaching the centre of the bend at a distance of 6 m, 
just equal to the inner radius, while its maximum out-
swinging in the first stage of the turning manoeuvre, 
amounting to 1.33 m, was only slightly lower than the 
allowable 1.4 m. On the other hand, for n  = 10.78 m, 
the out-swinging of the trailer during the turn was equal 
to the permissible value (1.4 m) and the distance from 
the centre of the bend was only 11 cm greater than the 
allowable 6 m. 

Nevertheless, the results obtained meant that the 
trailer with a non-steerable axle placed at a distance of 
between 8.78 to 8.94 m from the kingpin would meet 
the requirements (Fig.  5). The given distance is for a 
non-extended trailer; this distance increases together 

with increases in the length of the trailer, because the 
axle would be fixed to the rear part of the semitrailer. 
Thus, in the case of a trailer lengthened by 2 m, this 
axle should be at a distance of between 10.78 to 10.94 m 
(Fig. 6).

Unfortunately, analyses of the design revealed that 
it would not be possible to achieve the assumed length 
of the low platform if the axle line had been placed in 
such distance from the kingpin. For design reasons, this 
distance should be bigger than 9.5 m. That meant that all 
the axles of the semitrailer should have steerable wheels. 

The length of the combination with a maximally 
extended semitrailer only slightly exceeded 23 m and 
the requirements concerning maneuverability were less 
restrictive than for a 23 m or less combination (Table 1). 
Because it was planned that the length of the low plat-
form would be adjusted by many steps (not only two: 
unextended and maximally extended), the length of the 
real combination may be equal or slightly lower than 
23 m and the semitrailer should meet the requirements 
in such a case as well. Taking this into account, the 

Fig.  5. Negotiating a turn by a non-extended semitrailer 
for a fixed position of the non-steerable axle at n  =  8.86  m 
(sn = 2.55 m; length of the combination lc = 21.04 m; maximal 
swing out Smax = 1.18 m; minimal inner radius Rmin = 7.65 m; 

max steering angle of the rear inner wheel d = 34.33°)

Fig. 6. Negotiating a turn by a maximally extended semitrailer 
for a fixed position of the non-steerable axle at n = 10.86 m 
(sn  =  3.1  m; lc  =  23.04  m; Smax  =  1.37  m; Rmin  =  6.06  m; 

d = 35.21°) 
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length of the semitrailer in the simulations was adjusted 
in such a way that the length of the combination was 
equal to 23 m. For this length, it was checked if the semi-
trailer equipped with all steerable axles and fixed posi-
tion of the apparent non-steerable axle (n = const) was 
able to meet the requirements. In such a case the steer-
ing mechanisms could be practically the same as in the 
case of one real non-steerable axle, only wheels of one 
more axle have to be steered (it should be noticed that 
from the point of view of a steering system realizing the 
strategy of constant n, the angles of the steered wheels 
should be the same, regardless of the existence of a real 
rigid axle at distance n). 

Results of the simulations revealed that the 23 m 
long combination was not able to negotiate the regula-
tion bend at constant position of apparent non-steerable 
axle even if the semitrailer was equipped with all steer-
able axles. For n values greater than 10.21  m corner 
cutting was too big, whereas for n values smaller than 
10.75 m, out-swinging was too big. That meant that for 
n from a range between 10.21–10.75  m both corner 
cutting and out-swinging exceeded permissible values 
(Fig. 7).

It was then checked if the combination would be 
able to meet requirements with manual steering. Such 
a possibility is allowed by the TÜV recommendation 
(Richtlinien für die Erteilung… 1993) for combinations 
whose length is greater than 20 m. For this purpose the 
value of parameter n was gradually changed during the 
negotiation of the bend. The results of the simulations 
showed that the combination would be able to meet 
the requirements with manual steering. In the example 
shown in Fig. 8, n = 11 m was applied in the first phase 
of the turn, and when the semitrailer had negotiated half 
of the turn, n was abruptly decreased to 9 m. It can be 
observed that in this case the out-swinging of the trailer 
and corner cutting were reduced, but the value of the 
steering angle of the wheels increased.

However, Wielton Company wanted the semitrailer 
to meet the regulations without manual steering. Thus, 
the tests in which the position of apparent non-steering 
axle was changing during the negotiation of the bend 
and was related to the value of articulation angle γ bet-
ween tractor and semitrailer by a functional dependency 
(1) were made. 

The results of the simulations carried out up to now 
indicated that if the 23 m long tractor-semitrailer com-
bination meets the requirements, it will also be met by a 
shorter and a slightly longer one (less rigorous require-
ments – Table 1). Thus, the further trials were conducted 
for a 23 m long combination and a maximally widened 
semitrailer.

The simulations were run for different values of pa-
rameters a, b and k. The ranges of values of parameters a 
and b for which the combination satisfied the needs for 
k = 1 or k = 2 are shown in Fig. 9. The results showed 
that the greater the value taken by k or the smaller the 
value taken by a, the better the maneuverability of the 
combination (the combination needing less road space 

Fig. 7. Negotiating a turn by a 23 m long combination for a fixed 
position of the non-steerable axle at n = 10.5 m (sn = 3.1 m; 

lc = 23 m; Smax = 1.51 m; Rmin = 6.31 m; d = 36.28°)

Fig.  8. Negotiating a turn with manual override of steering 
angle in the middle of the band: n  =  11  m for p  ≤  82 and 
n = 9 m for p > 82 (sn = 3.1 m; lc = 23 m; Smax = 1.36 m; 

Rmin = 7.1 m; d = 42.95°)

Fig. 9. Areas of values of coefficients a and b for which a 23 m 
long combination meets the requirements in the case of linear 
(k = 1) or quadratic (k = 2) relationship between position of 

apparent non-steerable axle n and articulation angle γ
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to negotiate the bend), but at the same time the maxi-
mum steering angle of the semitrailer wheels increases. 
However tests carried out revealed that the benefits of 
using of a quadratic (k = 2, Fig. 9) or a cubic function 
(k = 3) are not significant. 

Taking into account the pursuit of small steering 
angles of the semitrailer wheels and possibility of ap-
plication, the linear relationship between position of the 
apparent non-steerable axle n and articulation angle γ 
was recognized as the most favorable. In the case of the 
23 m long combination, the steering system of the semi-
trailer should change n according to the dependence: 
n(γ) = –2.5 ⋅ γ + 11.88 to ensure the smallest maximum 
steering angles. For such a dependence n(γ) the maxi-
mum out-swinging and corner cutting by the combina-
tion were equal to the permissible values, and maximum 
wheel steering angle was equal to 39.18°. 

Subsequent simulations confirmed that a semitrail-
er equipped with the steering mechanism implement-
ing the linear dependence n(γ) would be able to satisfy 
the TÜV requirements (Richtlinien für die Erteilung… 
1993) for all possible combinations of its length and 
width without needing to use manual steering. Figs 10 
and 11 present the results of simulations for the short-
est and longest semitrailer. The combination of tractor 
and the shortest (but widened) semitrailer negotiated 
the bend by a wide margin (Fig.  10). The maximally 
extended semitrailer also remained safely inside the re-
quired limits (Fig. 11). 

The reduction in the value of a or applying a quad-
ratic or cubic dependence (1) resulted in satisfying the 
requirements by a larger margin, but the steering angles 
of the wheels were bigger (Fig. 12). The increase in these 
angles makes the design of the axle more complex and 
forces a decrease in the width of the semitrailer frame, 
which is disadvantageous for the strength and stiffness 
of the frame. It was checked that in the case of the semi-
trailer investigated the greater the distance of a particu-
lar axle from the kingpin, the greater the maximum 
steering angles of the wheels. For example, in Fig. 11 the 
trajectories and steering angles of the wheels of the first 

axle are additionally shown (it was assumed that the first 
axle is 6 m before the last one). So it was suggested to 
apply axles with different maximum steering angles. In 
the last axle line of the semitrailer – axles having maxi-
mum steering angles of 40° should be used, while in the 
first line – axles having maximum steering angles of 12° 
would be sufficient. 

Conclusions

A spreadsheet for theoretical analysis of the behavior 
of a tractor-semitrailer combination was developed. A 
study on the possibility of meeting the TÜV regulations 
concerning maneuverability of a newly designed five-
axle, extendable, large-sized semitrailer was performed 
with the use of the spreadsheet. 

It was found that the semitrailer would not be able 
to satisfy the requirements if it were equipped with even 
one non-steerable axle. It would not be able to satisfy the 
needs if equipped with all steerable axles and a steering 
mechanism keeping the constant position of the appar-
ent non-steerable axle either.

Fig. 10. Negotiating a turn by non-extended semitrailer assum-
ing a linear relationship between n and γ: n = –2.5 γ + 9.92 
(sn  =  3.1  m; lc  =  21.04  m; Smax  =  1.39  m; Rmin  =  7.64  m; 

d = 37.23°)

Fig. 11. Negotiating a turn by extended semitrailer assuming 
a linear relationship between n and γ: n  =  –2.5  γ  +  11.92 
(sn  =  3.1  m; lc  =  23.04  m; Smax  =  1.39  m; Rmin  =  6.48  m; 
d  =  39.22°; trajectories and steering angles of wheels of the 
first semitrailer axle are also presented, max steering angle of 

the left wheel of the first axle is 10.51°)

Fig. 12. Negotiating a turn by a 23 m long combination assum-
ing a quadratic relationship between n and γ: n = –4 γ 2 + 11.8 
(sn  =  3.1  m; lc  =  23.04  m; Smax  =  1.33  m; Rmin  =  6.64  m; 

d = 41.63°)
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The semitrailer at all possible combinations in 
its dimensions equipped with all steerable axles and a 
proper steering mechanism implementing the changes 
in the position of the apparent non-steerable axle as a 
function of the articulation angle between the tractor 
and the semitrailer would be able to negotiate a bend of 
a specified radius and road width. 

A linear relationship between the position of the 
apparent non-steerable axle and the articulation angle 
allows the requirements to be fulfilled without the need 
to use manual steering. In such a case the maximum 
steering angles of the last axle wheels is equal to 39.2°, 
and the first axle wheels is only 10.5°. Taking into ac-
count the big difference and the bad influence of the 
bigger angles on the semitrailer design, the use of axles 
with different maximum steering angles is suggested. 

Applying a quadratic or cubic relationship between 
the position of the apparent non-steerable axle and the 
articulation angle and/or smaller values of parameter 
a permits improvements in the maneuverability of the 
semitrailer (less road space necessary to negotiate the 
bend), however it results in the larger steering angles of 
the wheels.
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