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Abstract: This paper presents the results of an experimental analysis of the distribution of transverse stiffness of cylindrical compression 
helical springs with selected values of geometric parameters. The influence of the number of active coils and the design of the end coils  
on the transverse stiffness distribution was investigated. Experimental tests were carried out for 18 sets of spring samples that differed  
in the number of active coils, end-coil design and spring index, and three measurements were taken per sample, at two values of static  

ements  
were taken, from which the transverse stiffness distributions were determined. It was shown that depending on the direction of deflection, 
the differences between the highest and lowest value of transverse stiffness of a given spring can exceed 25%. The experimental results 
were compared with the results of the formulas for transverse stiffness available in the literature. It was shown that in the case of springs 
with a small number of active coils, discrepancies between the average transverse stiffness of a given spring and the transverse stiffness 
calculated based on literature relations can reach several tens of percent. Analysis of the results of the tests carried out allowed  
conclusions to be drawn, making it possible to estimate the suitability of a given computational model for determining the transverse  
stiffness of a spring with given geometrical parameters. 
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1. INTRODUCTION 

Cylindrical compression helical springs are widely used in me-
chanical systems as energy-storing components. Among the 
broad range of their applications, those requiring knowledge of the 
transverse stiffness of the spring pose immense challenges. 
Examples of such applications are vibratory conveyors [1], rail-
road bogies [2, 3], or vibration absorbers [4]. To support mechani-
cal engineers in the design of such systems, many studies have 
been published in recent decades; mainly focusing on analytical 
models enabling the calculation of spring characteristics. 

The published analytical models are generally based on sim-
plifications and are therefore prone to errors. Yıldırım [5] reported 
differences between the results of the experiments and those 
obtained by elementary relationships for the static characteristics 
of cylindrical compression helical springs. Furthermore, Paredes 
[6] pointed out that the spring rate relationships available in the 
literature are characterised by sufficient accuracy only for springs 
with a coil number of not <5. The quoted work presented the 
results of experimental research on the axial compression of 
springs with two different ends (closed and ground ends and 
closed and not ground ends). Based on these results, a modifica-
tion of the formulas for the number of active coils was proposed. 
Liu and Kim [7] analysed the effect of end coils on the natural 
frequencies of longitudinal vibration. They proposed a modification 
of the conventional analytical model in which the fixed boundary 
points at the ends of active coils were replaced by torsional stiff-
ness elements, representing the end coils. The inclusion of end 

coils in the calculations produced outcomes closer to the experi-
mental results than the conventional model. The problem of trans-
verse vibrations of cylindrical compression helical springs, which 
is of significant practical importance, was approached in many 
studies. Haringx [8] proposed a fundamental model of spring 
treated as an equivalent column, with the reference to the issue of 
its elastic stability and natural vibration frequencies. He assumed 
that spring has flat wound end coils with no contact with active 
coils. The model of the equivalent column was used by Wittrick [9] 
for the problem of spring vibration, including coupling between the 
longitudinal and torsional forms of vibration. The aforementioned 
coupling phenomenon was also considered in the work [10], in 
which the authors studied the wave phenomena occurring in a 
spring with a constant lead angle. The purpose of the work [11] 
was the unified dynamic analysis and dynamic criteria of stability 
for helical springs with the application of an equivalent beam 
model. Mottershead [12] proposed a new finite element modelling 
the coil or a part of a coil of a helical spring, whilst Taktak et al. 
[13] proposed a new finite element modelling the total behaviour 
of a helical spring. In all the cited works, the issue of the influence 
of end coils on transverse stiffness was neglected or subjected to 
only a partial analysis, as in paper [8]. The problem of the influ-
ence of passive coils on the frequency of transverse natural vibra-
tions has been emphasised by Michalczyk [14] where, using 
numerical methods, significant discrepancies were shown be-
tween results obtained for springs differing in the end-coils shape. 
The same phenomenon was demonstrated experimentally by 
Michalczyk and Bera [15]. This influence is mainly related to the 
elastic susceptibility of passive coils. 
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To ensure the stable operation of cylindrical compression heli-
cal springs, their ends should be closed and ground – this is form 
D according to ISO 2162-2:1993. For durability reasons, the 
EN13298:2003 standard specifies that the extremity of each end 
coil should have, after the grinding, a thickness between 3 mm 
and one-quarter of the wire cross-section. In extreme cases, the 
contact line between the end coil and the adjacent active coil can 
take the form of a point. In this case, the concentration of contact 
stresses and wire abrasion have a negative effect on the fatigue 
strength of the spring [16]. Increasing the contact length between 
the end and active coils has a positive effect on contact stresses 
but at the same time increases the mounting space of the spring.  

Effects related to the length of the contact line between the 
end coils and adjacent active coils are neglected in the models 
currently used to calculate the transverse stiffness of cylindrical 
compression helical springs. The transverse stiffness values 
determined on their basis have a uniform distribution in all direc-
tions perpendicular to the spring axis. The problem of nonuni-
formity of stiffness distribution in the direction perpendicular to the 
spring axis is important in suspension systems of vibrating ma-
chines and rail vehicles. The springs are placed in holders in the 
appropriate position to eliminate the differences in transverse 
stiffness and eccentricity in the transmission of axial force. Any 
positioning of the springs in relation to each other could cause an 
uneven distribution of vibrations, manifesting itself in driving dis-
comfort, or even damage to the suspension by spring failure, 
usually in the area of the end coil [17]. In addition, in the case of 
sets of coaxially aligned springs, there is a risk of collision be-
tween the inner and outer springs. This phenomenon is especially 
dangerous for those springs, especially the inner one, which is the 
most loaded [18]. 

Despite the extensive literature on the static and dynamic 
properties of helical springs, the impact of the shape of the end 
coil on these properties has not been fully explained. The signifi-
cance of this impact increases with the decreasing number of 
active coils.  

This paper aims to investigate the effect of contact line length 
between end coils and adjacent active coils and the number of 
active coils on the transverse stiffness distribution of springs, and 
to investigate the relationship between experimental results and 
those of known computational models from the literature. This will 
improve the cylindrical compression helical spring design process 
for applications where transverse stiffness is an important aspect. 
The experimental results presented in this paper, together with a 
description of the geometry of the springs tested, can also provide 
a benchmark for validating numerical models of springs. 

2. METHODOLOGY 

2.1. Sample selection – geometrical and material properties 

To carry out the tests, springs with parameters determined by 
a strict mathematical model were designed. Each spring has end 
coils on both sides with the same pitch as the wire diameter, and 
active coils in the middle part with a determined working pitch. 
The spring wire axis is rounded with a fixed radius at the pitch 
change point. Each of these spring sections was described by 
mathematical equations and then a path was generated using the 
Python programming language to represent the spring wire axis. 
To examine the influence of the contact line length on the stiffness 

distributions, three forms of end coils were designed as shown  
in Fig. 1. 

 
 Fig. 1. Closed and ground end coil with (a) point contact with active coils, 

(b) with contact at 0.25 of coil length and (c) with contact at 0.5  
of coil length 

Fig. 1a shows a spring with point contact between passive 
and active coils. The number of passive coils of this spring is 2. 
Fig. 1b presents a model of a spring for which the contact line 
length between coils on each side equals 0.25 of a coil and the 
number of passive coils equals 2.5. Fig. 1c presents a spring with 
contact line length of 0.5 of a coil on each side and the number of 
passive coils equals 3. For the sake of simplicity, in the following 
part of the paper, the forms of end coils shown in Fig. 1a will be 
denoted as e1, the forms shown in Fig. 1b will be denoted as e2, 
and the forms shown in Fig. 1c will be denoted as e3. The pitch of 
the spring in the active area in the unloaded condition was 10 mm 
for all springs. As mentioned above, a lower number of active coils 
increases the influence of end coils on the static characteristics of 
cylindrical compression helical springs. Considering this fact and 
taking into account the design space of various applications, three 
different numbers na of active coils were selected for analysis: 
2.5, 2.75 and 3. Moreover, two different spring indexes C were 
considered: 5 and 7. 

 
Fig. 1. Single samples intended for laboratory research 

Tab. 1. Parameters of spring samples selected for experimental testing 

Active 
coils 

na = 2.5 na = 2.75 na = 3 

End-coil 
shape 

e1 e2 e3 e1 e2 e3 e1 e2 e3 

Spring  
index C 

5 7 5 7 5 7 5 7 5 7 5 7 5 7 5 7 5 7 
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The springs used in the experiments were manufactured by a 
supplier under the EN 13906-1:2013 standard. All springs were 
coiled from wire with a diameter dw = 5 mm made of 55CrSi FD 
Becrosi 26 spring steel, which complies with the EN-10270-2 
standard. The modulus of elasticity in tension E and the modulus 
of elasticity in shear G for this material were 206 GPa and 79.5 
GPa, respectively. After winding, the springs were tempered at 
220°C for 15 minutes, then the end coils were ground to ¾ of the 
circumference and subjected again to the same heat treatment. 
All 18 combinations of the spring parameters listed above are 
shown in Tab. 1. Fig. 2 shows a set of 18 spring samples to be 
tested with the parameters listed in Tab. 1. 

2.2. Test setting 

The tests were carried out using an HT-2402 testing machine 
from Hung Ta Instrument Co., Ltd., Taiwan, equipped with a 
CL16md 5kN load cell from ZEPWN, Poland, of the precision 
class 0.5 according to ISO 376 (Fig. 3a).  

To measure the transverse stiffness of a spring, the spring 
must be preloaded before applying a force perpendicular to its 
axis. To enable such measurements, an adapter device was 
designed and built (Fig. 3b). The adapter was made based on 45 
mm x 45 mm strut profiles with high axial and flexural stiffness. Its 
design minimises the loads transferred from the tested springs to 
its components, so the elastic deformation of the adapter is negli-
gibly small compared to that of the tested springs.  

To achieve axial preload of spring 1, the distance between 
brackets 2 and 3 was adjusted by moving bracket 2 with the help 
of a screw fitted with knob 6. Once the correct axial spring com-
pression was achieved, measured using a digital caliper, bracket 
2 was fixed. The force transverse to the axis of the spring was 
applied by pressing the head of the testing machine against rail 4 
in the direction indicated by the red arrow in Fig. 3b. Rail 4 was 
assembled to the HIWIN HGW15CC linear guideway 5.  

 
Fig. 3. The test stand (a) and adapter (b) for measuring transverse  

stiffness 

A similar design solution for a fatigue test bench for railway 
springs is presented in paper [19], while paper [20] describes a 
bench that only allows the axial stiffness testing of the springs. 

The pretension force applied to the spring causes motion re-
sistance in the linear guideway of the adapter. This resistance 
results in forces which can influence measurements of the spring 
transverse stiffness. To assess whether those forces are signifi-
cant or can simply be omitted, additional tests were performed. 
For those tests, the adapter device was modified. The main modi-
fication was the inclusion of a second, identical linear bearing. 
Therefore, during the tests, the motion resistance of both linear 
bearings was measured simultaneously. The tests were carried 
out at spring pretension nominal values of 125 N, 250 N, 500 N, 
750 N and 1,000 N, which approximately covers the entire range 
of loads acting on the linear bearing during the tests of their trans-
verse stiffness. Fig. 4a shows the registered resistance force 
values for an exemplary test with a pretension force equal to 
1,000 N. The tests consisted of forcing both guides to move by a 
value of 10 mm with a rate of 6 mm/min and recording the re-
sistance force. Each test was repeated five times for a given load 
value. The obtained results allowed the calculation of the average 
linear bearing resistance force as shown in Fig. 4b. The largest 
average drag force of two linear bearings did not exceed 9 N. Due 
to the small values of the resistance forces of a single linear bear-
ing, these forces were omitted from the calculations. 

  
Fig. 4. Example record: (a) variation of the resistance force as a function 

of bearing displacement, with an axial load of 1,000 N;  
(b) average resistance forces of two linear bearings  
for five different axial loads 

2.3. Transverse stiffness tests 

Transverse stiffness measurements were carried out on axial-
ly compressed springs. The value of axial compression corre-
sponded to 25% (denoted as c25) and 50% (denoted as c50) of 
the total clearance between the active coils. This way of achieving 
the axial load made it possible to apply a proportional load to each 
spring and therefore enabled a comparison of the results ob-
tained. The transverse deflection was selected so that the maxi-
mum tangential stress did not exceed the value of 50% of ultimate 
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stress in the worst case. The second condition for the selection of 
the transverse deflection is the condition of stability, necessary for 
the spring ends resting on their supports. This condition is formu-
lated in the EN 13906-1:2013 (E) standard: 

𝐹𝑄 ∙
𝐿

2
≤ 𝐹0 ∙

𝐷−𝑠𝑄

2
             (1) 

where: F0 is the axial force, FQ is the lateral force, L is the total 
spring length, D represents the nominal spring diameter and sQ is 
the transverse deflection. As a result of trial calculations, it was 
assumed that the maximum transverse displacement of the mov-
ing end of the spring during the experiment would be 0.0933 of 
the axial deflection. The axial deflection values and the corre-
sponding transverse deflection values are presented in Tab. 2. 

Tab. 1. The values of transverse deflections for each number of active 
coils and the value of axial deflections 

Active coils na = 2.5 na = 2.75 na = 3 

Axial  
deflection [mm] (c25) 

3.13 3.44 3.75 

Transverse deflection 
[mm] (c25) 

2.04 2.25 2.45 

Axial  
deflection [mm] (c50) 

6.25 6.88 7.50 

Transverse deflection 
[mm] (c50) 

1.75 1.92 2.10 

For each spring, at the given preload, 12 measurements were 
made by changing the direction of the transverse load. To achieve 
this, the tested spring was rotated with respect to the test stand 
with angular increments of 30°. Each measurement at a fixed 
angle value was repeated three times, and then the average value 
from these measurements was calculated. The arrangement of 
load directions and spring geometry is presented in Fig. 5. 

 
Fig. 2. An angular coordinate system (a) defining transverse load  

directions in subsequent tests of transverse stiffness for a single 
spring (view from the sliding support side) and (b) sample test 
record for measuring the transverse stiffness of a spring 

The transverse stiffness was determined as the quotient of the 
maximum transverse force to the corresponding maximum deflec-
tion. Although inequality Eq. (1) was satisfied for all the experi-
mental conditions shown in Tab. 2, some springs in the tests at 
c25 axial deflection lost stability at certain angular positions before 
reaching the maximum assumed value of lateral deflection. In 
these cases, the stiffness was determined from the stable part of 
the characteristic. The total number of transverse stiffness meas-
urements taken was 1,296. 

3. RESULTS AND DISCUSSION 

3.1. Results of the Experiments 

The transverse stiffness distributions as a function of the di-
rection of the transverse force (see Fig. 5a) obtained based on the 
experiments under axial deflection c50 are shown in Figs. 6–8. 
The transverse stiffness at individual points in those figures is 
average values with standard deviation for three measurements of 
each spring. The results are repeatable because the coefficient of 
variation for each measurement point did not exceed 2%. This 
shows sufficient accuracy in measuring transverse stiffness with 
the use of the designed stand, which means the possibility of 
concluding based on these tests. Fig. 6 shows the transverse 
stiffness distribution for springs with na = 2.5, Fig. 7 shows the 
transverse stiffness distribution for springs with na = 2.75 and Fig. 
8 shows the analogical plots for springs with na = 3.  

  
Fig. 6. Transverse stiffness distribution for springs with na = 2.5,  

and spring index (a) C = 5 and (b) C = 7 

  
Fig. 7. Transverse stiffness distribution for springs with na = 2.75,  

and spring index (a) C = 5 and (b) C = 7 
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Fig. 8. Transverse stiffness distribution for springs with na = 3,  

and spring index (a) C = 5 and (b) C = 7 

As is evident from Figs. 6–8, the transverse stiffness was sig-
nificantly dependent on the direction of the applied force. This 
phenomenon is a consequence of changes in the geometry of the 
spring’s end coils and their mutual positioning.  

The measurement data presented in Figs. 6–8 revealed the 
influence of the design of the end coils of the spring on its trans-
verse stiffness. It can be seen that increasing the number of pas-
sive coils from e1 to e3 is not necessarily accompanied by a 
reduction in spring transverse stiffness.  

For a more precise comparison of the results obtained, their 
statistical parameters were calculated (Tabs. 3 and 4). They allow 
the variability of the stiffness distribution on the circumference of 
the spring to be assessed and to indicate the influence of the 
shape of the end coils, the partial number of active coils and the 
spring index on this distribution. The relative gap that occurs in the 
last column in Tabs. 3 and 4 is calculated as the gap between the 
maximum and minimum stiffness values in the entire 360° range 
divided by the mean stiffness value. The coefficient of variation 
shown in Tabs. 3 and 4 relates to the variation of the stiffness 
distribution as a function of load angle. 

Tab. 3. Statistical analysis of transverse stiffness distribution  
for the c25 axial load 
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5 2.5 

e1 164 3.8 175/0° 153/300° 13.7 

e2 186 5.0 209/0° 170/270° 21.5 

e3 163 4.1 176/210° 153/120° 14.4 

5 2.75 

e1 154 7.4 171/60° 136/150° 22.7 

e2 160 3.5 170/150° 151/240° 11.9 

e3 137 3.5 148/150° 132/270° 11.7 

5 3 

e1 127 4.6 138/120° 118/30° 16.3 

e2 142 5.6 154/180° 130/60° 17.2 

e3 125 1.5 128/330° 121/300° 5.4 

7 2.5 

e1 84 3.2 87/90° 78/270° 11.3 

e2 85 4.9 91/60° 78/300° 14.8 

e3 80 6.6 92/210° 70/300° 26.7 

7 2.75 

e1 78 7.7 88/60° 71/150° 21.5 

e2 75 4.5 83/150° 72/30° 14.6 

e3 69 4.5 74/60° 64/180° 13.3 

7 3 

e1 71 2.1 73/30° 68/300° 6.8 

e2 66 3.2 68/300° 61/0° 12.0 

e3 67 2.4 69/180° 64/240° 7.6 

Tab. 2. Statistical analysis of transverse stiffness distribution  
for the c50 axial load 
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5 2.5 

e1 214 9.2 250/180° 193/0° 26.5 

e2 231 3.2 244/300° 220/90° 10.4 

e3 199 2.7 210/330° 191/90° 9.6 

5 2.75 

e1 187 2.2 194/210° 180/300° 7.4 

e2 193 2.4 200/240° 185/30° 7.8 

e3 166 5.5 181/60° 151/300° 17.8 

5 3 

e1 159 8.6 177/120° 141/300° 23.2 

e2 170 5.5 180/180° 154/60° 15.5 

e3 149 5.3 162/0° 138/210° 15.9 

7 2.5 

e1 101 4.5 108/180° 91/0° 16.6 

e2 99 1.4 102/180° 98/270° 4.0 

e3 97 1.8 100/150° 94/300° 6.4 

7 2.75 

e1 89 4.2 94/270° 84/150° 11.3 

e2 83 4.7 90/150° 77/0° 15.4 

e3 79 1.9 81/270° 77/0° 4.4 

7 3 

e1 72 8.4 81/90° 65/240° 21.9 

e2 74 4.3 79/210° 70/300° 12.1 

e3 75 1.3 76/180° 73/30° 4.6 

By analysing the results in Tabs. 3 and 4, it can be seen that 
both at axial deflection c25 and c50, the differences between the 
maximum and minimum values of transverse stiffness for a single 
spring can exceed 25% of its average stiffness. Axial deflection 
significantly affects the stiffness distribution as it changes the 
partial number of active coils. This can be seen in the example of 
a spring with index C = 7, na = 2.5 and end-coil shape e3, for 
which the relative gap is 26.7% at axial deflection c25 and at axial 
deflection c50 the relative gap is only 6.4%. The calculation of the 
coefficient of variation showed that the variability of the transverse 
stiffness distribution on the circumference of the spring does not 
exceed 10% for the geometric and measurement parameters 
adopted.  

In the case of springs with index C = 7, no significant effect of 
end-coil design on stiffness was observed, while in the case of 
springs with C = 5, the effect is distinct. The springs with index C 
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= 5 and the end-coil design e2 showed significantly higher stiff-
ness than the springs with the end-coil shapes e1 and e3. 

Analysing the angular coordinates of the occurrence of maxi-
mum and minimum stiffnesses, no clear trend can be observed 
regarding the influence of geometrical parameters. This is be-
cause each deflection closes a different number of active coils, 
which translates into a different stiffness for individual directions of 
the transverse load. 

3.2. Analysis of results and comparison  
with results of analytical formulas 

The measurement data presented in Section 3.1 showed a 
relatively large variation in the transverse stiffness with the 
change in the direction of the load force. By contrast, the analyti-
cal equations available in the literature assume a constant value 
of transverse stiffness RQ. To confront those values with the 
measurement data, the most renowned analytical formulas of 
Gross, Wahl, and Haringx (the latter used in the EN 13906-1:2013 
standard) were selected. These formulas are presented below. 
Transverse stiffness according to Gross [21]: 

𝑅𝑄 =
1

1

𝐹0
∙

[
 
 
 
 

2

√
𝐹0

𝛼(1−
𝐹0
𝛽

)

∙tan(
ℎ

2
∙√

𝐹0

𝛼(1−
𝐹0
𝛽

)
)−ℎ

]
 
 
 
 

+
ℎ

𝛽

         (2) 

where: F0 is the axial force, h is the length of the loaded spring.  
The quantities α and β are the bending and shearing stiff-

nesses, respectively: 

𝛼 =
2∙ℎ∙𝐽∙𝐸∙𝐺

𝜋∙𝑛𝑎∙
𝐷

2
∙(2𝐺+𝐸)

             (3) 

𝛽 =
𝐸∙ℎ∙𝐽

𝜋∙𝑛𝑎∙(
𝐷

2
)
3             (4) 

In Eqs (3) and (4), E represents Young’s modulus, G is the 
shear modulus, J is the second moment of the cross-section area 
of the wire, and D is the nominal diameter of the spring. 
Below, the Wahl [22] method is presented: 

𝑅𝑄 =

(

 
 

1 −
2∙𝐹0

𝛽(√1+
4∙𝜋2∙𝛼

ℎ2∙𝛽
−1)
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∙ (
ℎ3

12∙𝛼
+

ℎ

𝛽
)

−1

            (5) 

Calculation by Haringx [8]: 
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          (6) 

The computational model proposed by Haringx [8] was used 
in the transverse stiffness calculation method presented in the EN 
13906-1:2013 standard. The calculation formulas in this standard 
can be presented in the following form: 

𝑅𝑄 =
𝛾

ℎ
∙ 𝜂             (7) 

where: 

𝜂 = 𝜉 [𝜉 − 1 +
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𝛾 =
𝐺∙ℎ∙𝐽

𝜋∙𝑛𝑎∙(
𝐷

2
)
3              (9) 

where ξ represents the relative axial deflection of the spring, λ is 
the spring slenderness defined as a quotient of a spring free 
length to its mean diameter, and γ represents the compression 
stiffness of the spring.  

Since the EN 13906-1:2013 standard uses the Haringx model, 
the results obtained using Eq. (7) are the same as the results 
obtained using Eq. (6). The results based on Eqs (8) and (9) were 
compared with the values measured during the tests. The experi-
mental results were averaged and given statistical parameters. 
The results obtained for the axial load c25 are presented in Tab. 5 
and for the axial load c50 in Tab. 6. For each stiffness value cal-
culated based on a given method, the relative change between 
the experimental result and the result of this method is given in 
parentheses. 

As shown in Tabs. 5 and 6, analytical methods generally un-
derestimate stiffness values, especially for springs with index C = 
5. The comparison presented demonstrated that analytical rela-
tions give only approximate values of the spring transverse stiff-
ness, which may not be sufficient for precise designs. Moreover, 
they give different values, leaving the designer with the problem of 
choosing one of them.  

Tab. 3. Comparison of the mean values of the measured transverse 
stiffness (for c25 axial deflection) and their deviations from the 
calculations by analytical methods 
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e1 164 
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(19%) 

170 

(9%) 

e3 163 
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(3%) 
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(5%) 

5 2.75 

e1 154 
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(3%) 
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(12%) 
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(1%) 

e2 160 
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(22%) 
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(4%) 
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Tab. 4. Comparison of the mean values of the measured transverse 
stiffness (for the c50 axial deflection) and their deviations from the 
calculations using analytical methods 
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Fig. 3. Relative change between the stiffness values obtained from the 

experiments and the stiffness values calculated by the methods 
cited. Solid lines correspond to springs with index C = 7 and 
dashed lines to springs with index C = 5 

This phenomenon is presented in Fig. 9, where an analysis of 
the effect of the design of the end-coils, the number of active coils 
and the compression value on the relative difference between the 
results of Eqs (2), (5) and (7) and the experimental results is 
presented. In most of the cases studied, the Gross method gives 
the closest results to the experimental results, but even for this 
method the discrepancies with the experimental results often 
exceed 20%. An increase in axial deflection is accompanied by an 
increase in the discrepancy between the formula results and the 
experimental results. This trend was confirmed by the results of 
additional tests on the transverse stiffness of springs with index C 
= 5, the number of active coils na = 2.5 and the end-coil design 
e1, e2, and e3 at 37.5% axial deflection. Due to the scope of this 
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work, the detailed results of these additional studies are not pre-
sented in this paper.  

The analysis carried out showed that the effect of end-coil de-
sign on the discrepancy between formula results and experimental 
results is greatest for full (na = 3) or half (na = 2.5) number of 
active coils. In the case of springs with an intermediate number of 
coils (na = 2.75), this influence was the smallest, in particular for 
springs with C = 7. It can also be seen that the stiffnesses calcu-
lated using the Gross method are always the highest and the 
Wahl method the lowest. The Haringx method gives intermediate 
results. 

4. CONCLUSIONS 

This paper presents the results of transverse stiffness tests on 
cylindrical helical compression springs. Approximately 1,300 
measurements were made with 18 springs differing in end-coil 
design, the number of active coils, and the spring index. An analy-
sis of these results was carried out and compared with the results 
of computational models available in the literature. The analysis 
showed that the transverse stiffness of a cylindrical compression 
helical spring can show significant differences depending on the 
direction of the transverse force. In the cases studied, the largest 
difference between the maximum and minimum stiffness of a 
single spring reached a value of 26% of the average value of this 
stiffness. This phenomenon is not taken into account in the com-
putational models present in the literature, which are based on the 
equivalent column concept, according to which the transverse 
stiffness of a spring does not depend on the direction of applica-
tion of the transverse load. 

A comparison of the average stiffnesses calculated from the 
experiments with the results of the calculation models available in 
the literature showed that the relative differences exceeded 25% 
in many cases. Under real-world conditions, a spring is generally 
loaded transversely in some fixed direction on which its transverse 
stiffness is, for example, the highest. Therefore, the differences 
between the stiffness calculated from one of the cited calculation 
methods and the actual spring stiffness may be even greater. 

Axial deflection affects the actual number of active coils and 
thus changes the distribution of the spring's transverse stiffness. 
Therefore, the influence of the end-coil design on the nature of 
this distribution cannot be unambiguously determined. However, 
research has shown that the design of the end coils has the 
greatest effect on the average stiffness value for springs with a 
smaller index and, at the same time, a larger lead angle. It has 
been shown that the effect of the end coil design on the trans-
verse stiffness is greater when the spring has a half or full number 
of active coils, but less for springs with an intermediate number of 
these coils.  

Research also showed that fulfilling the condition defined in 
the EN 13906-1 standard for stable transverse operation of the 
spring does not guarantee such operation, and a new relation 
needs to be formulated, taking into account the influence of the 
end-coil design on the stability of the spring under transverse 
loading conditions. 

This research showed that a detailed analysis must be per-
formed during the design of a spring for a precise application. In 
the case of short springs, it is necessary to perform tests and 
determine the characteristics of the designed spring. The results 
of the transverse stiffness measurements presented in this paper 

can serve as a benchmark for the validation of FEM numerical 
models. 
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