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Computer Simulation of the Skier-Flex Pole 
Impact in Slalom
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Abstract  In skiing the skier-flex pole impact causes a deflection and rotation of the 
flex pole and a speed loss of the skier. The purpose of the present study was to inves-
tigate the effects of skier and pole parameters on time loss, pole deflection, and pole 
damage speed caused by the skier-pole impact in slalom. Validated finite element 
models were used for the simulation of the impact. Skier mass, speed and impact 
height and pole mass, bending stiffness, diameter, and wall thickness were analyzed. 
Time loss was assessed for seven pole impacts by a simple simulation model of a 
skier schussing down an inclined plane. From the skier parameters, impact height 
followed by impact speed showed the highest effect on the skier-pole impulse. The 
impulse increased with increasing pole mass whereas the effect of bending stiffness 
was negligible. Time loss could be reduced by lowering the pole mass. However, 
lowering of pole diameter or wall thickness increased pole deflection enhancing 
injury risk due to the whiplash effect. Additionally, the reduction of wall thickness 
decreased pole damage speed with the disadvantage of higher risk of pole fractures. 
Overall, lowering pole mass for the current impact speeds in World Cup slalom 
races requires additional investigation. In children and youth races with lower 
impact speeds than in World Cup races, a pole mass reduction would be possible.
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1  �Introduction

According to the competition rules of the International Ski Federation World Cup 
skiers hit about 130 flex poles during a slalom race [1]. Specifications for flex poles 
were developed by the FIS to guarantee that flex poles behave in the same manner 
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all over the world, to avoid injury caused by the pole impacts as much as possible, 
and minimize the risk of pole fracture so that a flex pole is operational over a period 
of at least 3 years (ca. 8000 passes) [2].

The resistance of the flex pole during impact leads to a speed loss and in conse-
quence to a time loss of the skier. Innerhofer and Nachbauer [3] reported that ski-
ers of low body mass and height have a competitive disadvantage compared to 
heavier and taller skiers. This disadvantage was more pronounced the more mass 
and height differed, e.g., speed loss per pole contact was reduced 23% by increas-
ing body mass from 40 to 90 kg and reduced 27% by increasing impact height 
from 0.6 to 1.2 m.

The impact of the skier causes a deflection of the flex pole that may cause 
injury to the skier. As a result of the very fast acceleration of the upright pole by 
the skier impact, the tip of the pole rebounds shortly and may hit the skier in 
the head-shoulder-back area. This effect—in skiing referred to as the whiplash 
effect—is stronger for an upright pole with lower bending stiffness and higher 
mass. There are no injury data available for the whiplash injury mechanism. Bere 
et al. [4] analyzed 69 injury cases of the alpine skiing World Cup. Gate contact 
was assumed to contribute directly and/or indirectly to injury in 21 cases. Impacts 
that contributed indirectly to injury influenced the skier’s balance leading to falls. 
Two injuries were reported for slalom. However, only severe injuries were 
analyzed.

Pole fracture data was not published. According to informal reports of coaches 
and pole manufacturers pole impacts by a skier causes fractures in the middle part 
of the pole and pole impacts to the ground create fractures in the tip region of the 
pole. Pole fractures during training/competition shorten the training time or extend 
the competition time. Moreover, flex poles are relatively expensive. In order to 
avoid fractures in the tip region, some manufactures attach an additional shell inside 
the upper end of the pole increasing wall thickness. To prevent injuries due to bro-
ken poles, FIS requests a ductile fracture behavior to ensure that the pole only snaps 
without breaking off completely [2].

In the study of Innerhofer and Nachbauer [3], the pole was modeled as a bend-
ing beam. The impact was modeled as pure elastic and pole deflection was taken 
from video images. Accordingly, plastic deformation was not considered. 
Schindelwig et  al. [5] developed a finite element (FE) model of a flex pole. 
The model was validated using a pendulum impactor. Measured and simulated data 
correlated well with less than 2% difference for the impulse and 1.2% difference 
for the pole deflection.

Lighter and smaller racers have a considerable disadvantage in competitions 
due to pole resistance. A reduction of the resistance lessens the disadvantage; 
however, it may increase injury risk and pole fractures. Thus, the purpose of the 
present study was to investigate the effects of skier and flex pole parameters on 
time loss, pole deflection, and pole damage speed caused by the skier-pole impact 
in slalom.

K. Schindelwig et al.
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2  �Methods

2.1  �Finite Element Modeling and Simulation

The applied finite element (FE) model of the flex pole was described in Schindelwig 
et al. [5]. The upright pole was discretized with S4R general quadratic membrane 
shell elements. Isotropic elastic and plastic material behaviors were used. The bend-
ing device was modeled by bushing connector elements with linear elastic behavior. 
A horizontally moving impactor was used to reproduce the impact by the skier. The 
impactor was modeled as a cylinder with a diameter of 0.1 m and a length of 0.2 m. 
Contact with the flex pole occurs mostly with the ski pole or with the guard of the ski 
pole (Fig. 1). Since the ski pole is often made of aluminum, an aluminum cylinder 
was used for the impactor. Isotropic elastic material behavior with a typical Young’s 
modulus for aluminum of 69 GPa [6] was used for the solid extrude elements. The 
impact mass was set to the skier’s mass. Videos recorded with a high-speed camera 
(frame rate 200 fps, Sony NEX-FS700K, Sony, Tokyo, Japan) of two women and 
two men World Cup slalom races in the 2014/15 season showed that the impact 
height was in average 44% of the skier’s height. Accordingly, impact height of the 
first contact between impactor and flex pole was set to 44% of the skier’s height.

The FE simulations were performed in an explicit dynamic analysis using Abaqus 
explicit 6.12–1 (SIMULIA, Dassault Systèmes, Providence, Rhode Island, US). For 
element types, the settings “standard” from the element library and “reduced inte-
gration” were selected. The normal behavior was used for the contact properties 
with the “Hard” contact for the pressure-overclosure. Based on the analysis of the 
above-mentioned high-speed videos ground contact of the pole occurred about 0.1 s 
after initial pole contact. Thus, simulations were stopped after 0.1 s.

Fig. 1  (Left) picture of the skier-flex pole impact, schematic illustrations of the FE model’s flex 
pole and impactor: (center) overall representation with coordinate system and (right) flex pole and 
the impactor in detail
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2.2  �Impulse and Speed Loss

The impulse p was calculated by the speed loss Δv of the impact cylinder and its 
mass m with p = m ∙ Δv. The speed loss Δv of the impact cylinder was determined by 
the FE simulations for varied skier and pole parameters. Impact height was varied 
in increments of 0.1 m from 0.3 to 1.6 m, impact mass in increments of 10 kg from 
30 to 90 kg, and impact speed in increments of 1 m/s from 5 to 21 m/s. Pole mass 
was varied in increments of 100 g from 200 to 800 g by changing pole density. 
Bending stiffness was varied in increments of 10 Nm2 from 20 to 80 Nm2 by chang-
ing Young’s modulus. Only one parameter was varied while the others were kept 
constant as follows: pole diameter 31 mm (d31), wall thickness 3 mm (w3), body 
mass 90 kg, impact height 0.84 m (skier “Tall”, Table 1), impact speed 13 m/s, pole 
density 1160 kg/m3, and pole length 1.74 m.

Additionally, all combinations of pole diameters of 25, 27, 29, and 31 mm and 
wall thicknesses of 2, 2.5, and 3 mm were analyzed. The chosen pole diameters 
were within the limits of 25–32 mm requested by the FIS [2]. Pole mass was calcu-
lated from diameter d, wall thickness w, length l, and densitiy ρ of the pole with

	
m d w w lup = × -( ) × × ×2 p r.

	

Young’s modulus was set to 2.45 GPa for all poles [5]. Bending stiffness Bup was 
calculated from diameter d, wall thickness w, and Young’s modulus E with
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2.3  �Time Loss

Speed loss Δv of the impact cylinder was obtained by the FE simulation. From 
speed loss per impact, time loss for seven pole impacts during a straight run on 
inclined planes of 5° and 20° was calculated. For this, the equation of motion of a 
mass point with initial speed of 13 m/s, gliding distance of 42 m, and coefficient of 
snow friction 0.02 was solved. The drag for the skier “Tall” was set to 0.6 m2 accord-
ing to wind tunnel measurements [7]. Drag was decreased proportional to the mass 
of the skiers “Small” and “Medium” (Table 1) to 0.2 and 0.4 m2 so that the accelera-
tion of the three skier types was identical and time loss was only caused by the 
skier-pole impacts. The speed of a skier after impact was set to the speed before 
impact minus speed loss.

Table 1  Body mass, body 
height, and impact height  
of the skiers “Small,” 
“Medium,” and “Tall”

Skier Small Medium Tall

Body mass (kg) 30 60 90
Body height (cm) 130 160 190
Impact height (cm) 58 71 84

K. Schindelwig et al.
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2.4  �Pole Deflection

The FE simulation provided the 3D coordinates of 35 nodes along the pole in incre-
ments of 5 cm from initial pole contact to ground contact. From the 3D coordinates, 
the maximum horizontal distance between pole tip and nodes of the pole of the first 
deflection phase in the running direction (Fig. 2) was determined. This distance was 
denoted as maximum deflection, which is a measure of the whiplash effect.

2.5  �Pole Damage Speed

Pole damage speed was defined as the lowest impact speed causing a reduction of the 
pole diameter of more than 3 mm at 0.1 s after initial pole impact. Plastic deforma-
tion accounted for this diameter reduction. For the determination of the damage 
speed, the impact speed was increased in increments of 1 m/s starting with 8 m/s until 
an apparent damage occurred. To simulate an unfavorable load case impact height 
was lowered to 0.5 m (shin guard impact) and impact mass of 90 kg was chosen.

3  �Results

3.1  �Effect of Skier and Pole Parameters on Impulse

The largest effect on the impulse was observed for impact height followed by impact 
speed. By lowering impact height from 1.6 to 0.3 m the impulse increased from 4 to 
35 Ns. The effect of body mass on the impulse was negligible. An increase of impact 

Fig. 2  Schematic 
illustration of the 
maximum deflection
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speed from 5 to 21 m/s resulted in an increase of the impulse from 8 to 18 Ns. This 
increase was nearly linear from 5 to 15 m/s; above 15 m/s almost no increase was 
observed (Fig. 3).

In Fig. 4, the effect of pole mass, bending stiffness, pole diameter, and wall thick-
ness on the impulse are presented for the impact with skier “Tall.” The increase of 
pole mass from 200 to 800 g caused an increase of the impulse from 8 to 22 Ns. 
Only minor changes of the impulse were observed for bending stiffness between 20 
and 80 Nm2. The impulse increased approximately linearly with pole diameter as 
well as with wall thickness (Fig. 4).

The variation of pole diameter and wall thickness varied pole mass and bending 
stiffness as listed in Table 2. Pole mass and bending stiffness ranged from 290 to 
530 g and from 23 to 64 Nm2.
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Fig. 3  Impulse for different (left) impact heights, (center) body mass, and (right) impact speeds 
(flex pole diameter 31 mm and wall thickness 3 mm (d31-w3))

0

5

10

15

20

25

30

35

0 500 1000

Im
pu

lse
 (N

s)

Pole mass (g)

0

5

10

15

20

25

0 50 100
Bending stiffness (Nm²)

0

5

10

15

20

25

23 25 27 29 31
Pole diameter (mm)

w2 w2.5 w3

Fig. 4  Impulse for different (left) pole mass and (center) bending stiffness (skier “Tall”), and 
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3.2  �Effect of Pole Diameter and Wall Thickness on Speed 
and Time Loss

The highest speed loss of 5.8% was calculated for the impact of skier “Small” with 
the pole diameter 31 mm and wall thickness 3 mm (d31-w3). Reducing both the 
pole diameter from 31 to 25 mm and the wall thickness from 3 to 2 mm reduced 
speed loss to 2.8%. Speed loss for skier “Tall” with poles d31-w3 and d25-w2 was 
1.4 and 0.7%, respectively (Fig. 5).

The running time without pole impacts for straight schussing on the 42 m slope 
with 5° inclination was 3.20 s. Seven impacts with d31-w3 resulted in time losses of 
0.87, 0.29, and 0.16  s for the skiers “Small,” “Medium,” and “Tall,, respectively. 
These time losses were nearly halved for pole d25-w2. On the steeper slope of 20°, 
time losses were reduced to about 50% due to higher acceleration of the skiers. In 
Fig.  6, the time loss differences between the “Small” and “Medium” skiers and 
“Medium” and “Tall” skiers are presented for seven impacts on the flatter slope of 5°. 

Table 2  Pole mass and bending stiffness for different pole diameters and wall thicknesses. 
Material density was 1160 kg/m3 and Young’s modulus 2.45 GPa

Diameter (mm) 25 27 29 31 25 27 29 31 25 27 29 31

Wall thickness 
(mm)

2 2.5 3

Pole mass (g) 290 320 340 370 360 390 420 450 420 460 490 530
Bending 
stiffness (Nm2)

23.6 30.3 38.1 47.2 27.7 35.7 45.2 56.1 31.3 40.5 51.4 64.1
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Fig. 5  Speed loss for skiers “Small,” “Medium,” and “Tall” by impact with different pole diame-
ters and wall thicknesses
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Reducing both the pole diameter from 31 to 25  mm and the wall thickness 
from 3 to 2  mm reduced the differences of the time losses between skier 
“Small” and “Medium” from 0.58 to 0.24 s and between “Medium” and “Tall” 
from 0.13 to 0.05 s.

3.3  �Effect of Pole Diameter and Wall Thickness on Pole 
Deflection and Pole Damage Speed

An increase of the pole diameter from 25 to 31 mm reduced the maximum deflection 
by about 0.1 m for all wall thicknesses for skier “Small” and “Medium”. Therewas 
no effect observed of the pole diameter on the maximum deflection for skier “Tall” 
(Fig. 7 left). The effect of wall thickness on maximum deflection was small. The 
highest maximum deflection occurred for skier “Small” and the lowest for skier 
“Tall.” The correlation between maximum deflection and impact speed was approx-
imately linear with a gradient of 0.023 s (Fig. 7 right).

Pole damage speed increased clearly with decreasing pole diameter and increas-
ing wall thickness. For the same wall thickness, a decrease of the pole diameter 
from 31 to 25 mm increased the damage speed from 10 to 16 m/s (w2), from 15 to 
19 m/s (w2.5), and from 17 to 20 m/s (w3) for wall thickness of 2, 2.5 and 3 mm, 
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respectively. An increase of the wall thickness by 0.5 mm increased the damage 
speed between 2 and 3 m/s for the different pole diameters (Table 3).

4  �Discussion

The effect of skier and pole parameters on the impulse between skier and pole was 
determined. For this purpose, skier parameters were varied in a range representa-
tively for athletes of age 10 to adults. Pole parameters were varied reasonably 
adjusted beyond the limits permitted by the FIS specifications. The impact height of 
the skier showed the largest effect on impulse. The impulse was about nine times 
higher at 0.3 m than at 1.6 m. In addition, impact speed affected the impulse consid-
erably. There was a nearly directly proportional relationship up to an impact speed 
of 15 m/s; above 15 m/s, impulse was independent of speed. Commonly, the skier-
pole impact consisted of three successive contacts which were also detected in the 
high-speed videos from World Cup races. In the simulations, the durations of the 
three contacts were about 10, 5, and 14 ms for the flex pole d31-w3 and the second 
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Fig. 7  Maximum deflection for skiers “Small,” “Medium,” and “Tall” (left) by impact with differ-
ent pole diameters and wall thicknesses (impact speed 13  m/s), and (right) for impact speeds 
8–16 m/s (skier “Tall” with pole d31-w3)

Table 3  Damage speed for different pole diameters and wall thicknesses (body mass 90  kg, 
impact height 0.5 m)

Diameter (mm) 25 27 29 31 25 27 29 31 25 27 29 31

Wall thickness (mm) 2 2.5 3
Damage speed (m/s) 16 14 13 10 19 17 16 15 20 21 19 17

Computer Simulation of the Skier-Flex Pole Impact in Slalom



130

and third contact was about 39 and 55 ms after initial contact, respectively. At speeds 
up to 15 m/s almost two thirds of the impulse was generated by the second and third 
contact. At higher speeds, the first contact resulted in an increased inclination of the 
pole, reducing the impact during the second and third contact and causing the 
described speed independency. Unexpectedly, the impulse was nearly independent 
of the skier’s mass. The reason for the independence is the low ratio of the pole mass 
(500 g) to the skier’s mass. The ratio was lower than 1/60 for the analyzed skiers. 
The independence of the impulse from the skier’s mass leads to an indirectly pro-
portional relationship between mass and speed change of the skier. A reduction of 
the mass by half doubles the speed loss of a skier.

The impulse was strongly affected by pole mass in a directly proportional manner 
while the effect of bending stiffness was negligible. For the variation of pole mass and 
bending stiffness unrealistic values of pole density and Young’s modulus were 
assumed. Mass and bending stiffness of poles are strongly influenced by pole geom-
etry, which is given by diameter, wall thickness, and length. Since geometry affects 
both mass and bending stiffness, it is in reality not possible to vary one without alter-
ing the other. However, the impulse changes presented for different pole diameters 
and wall thicknesses by keeping the material properties constant were mainly caused 
by changes of the pole mass. For instance, pole d25-w2 had half the mass of pole d31-
w3, consequently, also the impulse of the pole d25-w2 was half of the pole d31-w3.

Speed loss was calculated through simulations of impacts between different poles 
and skiers classified as “Small,” “Medium,” and “Tall.” To assess the practical rele-
vance of the speed loss in a slalom competition, the time loss of four 42 m long flat 
course sections with seven pole contacts each (two sections per slalom run) was cal-
culated. These calculations revealed that, as compared to skier “Medium,” skier 
“Small” would lose 0.86 and 2.32 s for poles d25-w2 and d31-w3, respectively. In 
children’s races, body weight and height may differ by a magnitude similar to that 
between the skiers “Small” and “Medium” considered in our simulations. Assuming a 
5.6 s time difference between rank 1 and 10 (average of six children mastership races) 
[8], the skier “Small” would lose four positions in the ranking using pole d31-w3 but 
only one position using pole d25-w2. In World Cup races, usage of pole d31-w3 
(World Cup standard) results in a time difference of 0.56 s between skiers “Medium” 
and “Tall.” This is equivalent to a competitive disadvantage of two positions.

The results revealed that from a view of fairness the reduction of the pole mass 
would be beneficial. Since the density of polycarbonate lies in a narrow range, mass 
reduction can only be accomplished by lowering pole length, pole diameter, and/or 
wall thickness. The reduction of pole length from 1.8 to 1.6  m was realized in 
Austria for children competitions younger than 12 years [9]. For children of age 12 
and older a length reduction was in discussion, however, it was discarded due to the 
risk of fascial injury through contact with the tip of the pole. Lowering of pole diam-
eter or wall thickness increases maximum pole deflection, which enhances injury 
risk since the upper pole may hit the skier at the head-trunk area due to the whiplash 
effect. Moreover, a reduction of wall thickness decreases pole damage speed, which 
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increases the risk of pole fractures. For the current impact speeds in World Cup 
slalom races, advanced investigations are necessary for lowering the pole mass.

In children and youth races, skiing speed and thus impact speed is clearly lower 
than in World Cup races resulting in lower skier-pole impulse with lower maximum 
pole deflection and pole damage speed. Lower speeds permit reducing pole mass by 
lowering pole diameter and wall thickness. Assuming lower impact speeds of 2 m/s 
than in World Cup races, pole d27-w2.5 showed the same maximum deflection as the 
World Cup approved pole d31-w3. Also the difference between impact speed and 
pole damage speed was the same for both poles. However, time loss would be reduced 
about 40% in the described seven gate flat course due to the mass reduction.

5  �Limitations

In this study, variations of temperature or plasticity of the upright pole were not 
considered. A yielding movement of the skier at pole contact was not included. The 
dimension of the impactor was not varied. An impactor with a smaller diameter may 
reduce damage speed. Pole damage speed was not analyzed for the impact on the 
snow surface.
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Abstract  A slalom ski racer’s center-of-mass (CoM) has a negative acceleration 
during a turn. Some of this change in acceleration can be attributed to the physical 
contact with the pole, and possibly physiological and/or psychological factors of the 
ski racer. One factor may be the type/size of poles (gates) used to define the race line 
(route prescribed by competition rules) in slalom. Poles come in a variety of sizes 
and styles. This study utilized five differing pole types with 12-year-old male and 
female racers. As a general conclusion, they were faster on the small/shorter poles. 
They also felt faster, more aggressive, higher level of confidence, and thought their 
race line was superior on the shorter poles. When looking at the acceleration com-
ponent, we divided the skiers into “skilled” and “less skilled.” The two groups dif-
fered on direction of acceleration. The discussion lays out mechanical, physiological, 
psychological, and technique ramifications to interpret this acceleration paradox.

Keywords  Ski racers • Slalom • Pole contact • Head injury • Pole design

1  Introduction

1.1  Acceleration

Alpine ski racers ski around poles which are used to describe the race line. Each ski 
turn creates a situation where there is a negative acceleration of the skier’s center-
of-mass (CoM) followed by a period of positive acceleration between turns [1]. To 
ski fast in slalom, the ski racer skis with their skis close to the pole such that their 
CoM may actually travel to the inside of the race line. This is a legal passage accord-
ing to the rules of the Fédération Internationale de Ski (FIS), the governing body of 
international ski racing. Racers will contact the long pole hitting, blocking, moving, 
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or clearing it out of the way with their hand and or ski pole, allowing their body to 
take a shorter path. This pole contact and movement requires about 181 J for each 
pole clear for a World Cup ski racer which may explain part of their CoM-negative 
acceleration (R. Reid, personal communication, 2010). This negative acceleration 
would be amplified for young skiers having less mass.

While ski racers must ski around poles, recreational skiers make turns in volun-
tary locations and tempo. For recreational skiers, turning is an opportunity to man-
age speed while for the ski racer it is a situation for speed loss to be minimized.

1.2  �Poles and Training Aids

Poles are used in alpine ski racing to define the race line for the ski racer. The FIS 
[2] has specifications for pole dimensions used in international competition, while 
individual countries determine domestic standards.

Poles have a hinge at the snow level. This hinge was developed to keep the pole 
from becoming dislodged as ski racers skied increasingly closer to the pole eventu-
ally discovering they could just mow down the pole with their hand, ski pole, or shin 
enabling them to take a shorter and therefore faster path. Standards for the hinge are 
mandated by the FIS.

The FIS has two categories of poles: Type A; which is for use in any FIS race. 
They have a shaft diameters from 29 to 32 mm. Type B poles (25–28.9 mm) are for 
use in any FIS race except World Cup.

Poles vary by their height above the snow surface. All FIS races must employ poles 
that project a minimum of 1.8 m above the snow surface [3]. In the United States, U16 
competitions must also use the 1.8 m poles (FIS A or B). However, slalom poles for 
U14s must be 152 cm FIS B, while stubby poles are for non-scored events [4].

Young ski racers typically compete with shorter length (137 and 152 cm) and 
smaller diameter poles (27 vs. 32 mm). In place of poles, props or training aids, such 
as Whiskers and Heroes, reduce contact while still skiing the intended path. 
Whiskers are 23 cm brushes and Heroes are 70 cm flexible poles. There are no FIS 
standards for Whiskers and Heroes (SPM S.P.A., Varese, Italy).

The purpose of this study was to determine if pole type or shaft length had an 
effect on acceleration. Additionally, would finishing time, and subjective feelings of 
young ski racers be altered by pole length?

2  �Methods

2.1  �Subjects

Eighty seven (54 females, 33 males) club level skiers from three different USSA 
(United States Ski and Snowboard Association) affiliate ski teams participated in 
the study. Data are presented as average (± standard deviation). Average age was 
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12 years 10 days (±1.0 year). Skiers reported an average 4.6 (±0.9) years of race 
experience. Average height was 153.4 (±8.9) cm, average weight 41.05 (±10.88) kg, 
and average ski length was 140.4 (±7.80) cm. “Skilled” and “unskilled skiers” were 
defined by the nine skiers with the fastest and slowest run time. This was then con-
firmed with video by a USSA-certified ski coach.

2.2  �Courses

The study was conducted on 12 different slopes at Bridger Bowl Ski Area, Montana, 
and Park City Mountain Resort, Utah, over 11 separate days in winter conditions. 
The 12 slopes averaged 20.9 degrees (±2.7). They were relatively even in pitch with 
minimal side hill. Individual average pitches consisted of 20, 23.5, 28, 22, 22, 18, 
18, 20, 20, 19.4, 20, 20°.

An identical ten gate slalom course was set for all trials. It consisted of four 
open gates set at 9 m (gate to gate) to a three gate flush at 5.5 m followed by three 
open gates set at 9 m (gate to gate) to the finish 9 m away (see Fig. 1). Offset was 
4 m with the flush in line with the same 4 m horizontal distance. All courses were 
slipped frequently in order to minimize rut development and overall course 
deterioration.

Skiers completed one or more runs on each pole type course in a random order. 
Multiple runs on the same course were used to check for reliability between runs.

Fig. 1  Course set-up used 
for all data collection
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2.2.1  �Pole Type Used During Each Testing

•	 Whiskers: Bright orange and green plastic were alternated in the courses. 23 cm 
length, with a lightly threaded 20.5 cm base.

•	 Hero: Red and blue, pliable, rubber-like shaft, 35 mm in diameter and 70 cm 
long. 86 cm overall length including BrushGrip™ Base.

•	 137 cm: 27 mm diameter shaft that is 137 cm off the snow with BrushGrip™ Base.
•	 152 cm: 27 mm diameter shaft that is 152 cm off the snow with BrushGrip™ Base.
•	 180 cm: 27 mm diameter shaft that is 180 cm off the snow with BrushGrip™ Base.

All poles, Heroes, and Whiskers were manufactured by SPM and were new at the 
beginning of the study. Pole hinges showed no sign of deterioration at the end of the 
study.

2.2.2  �Timing

The order in which the courses were skied was randomized for each testing bout.
Timing was with a Brower XS Timing System (Salt Lake City, UT, USA).

2.2.3  �Acceleration

A gyroscopically controlled three-dimensional accelerometer (Electronic 
Realization, Bozeman, MT) was attached to the crown of the skier’s helmet. Sagittal 
plane, the fore/aft direction was defined as “x” the vertical direction as “y” the lat-
eral direction as “z”.

2.2.4  �Skier Perception

Skier perception immediately at the conclusion of each run was collected. The sub-
ject responded to four statements indicating their perception about speed, aggres-
siveness, confidence, and line with a 10-point Likert scale.

On that course I felt:

•	 Slow…fast
•	 Not aggressive…very aggressive
•	 Not confident…very confident
•	 Not a good line…a very good line

The higher the response number, the more positive the skier felt. A single factor 
ANOVA and post hoc Tukey HSD were used to calculate significance.
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3  �Results

3.1  �Time

For the analysis 522 valid runs were used.
Average run time and standard deviation (SD) in seconds per pole type (Table 1):
Statistically (single factor ANOVA and post hoc Tukey HSD):

•	 Whiskers and Heroes times are not different from each other.
•	 Whiskers and Hero times are different from 137 cm, 152 cm, 180 cm (p = 0.01).
•	 137 cm and 152 cm times are not different from each other.
•	 137 cm and 152 cm times are different from Whiskers, Heroes (p = 0.01), 180 cm 

(p = 0.01, p = 0.05).
•	 180 cm times are different from all other poles (p = 0.01), 137 cm (p = 0.05).

3.1.1  �Reliability Between Runs of Same Pole Type (Within Skier)

Determining the variability between run times was important to establish test-retest 
reliability. 141 duplicate runs from the five pole/training aids were used to deter-
mine reliability. One factor to be noted was that the runs used were all from the 
same measurement day. Due to the multivariate nature of ski racing, this was the 
best option to control for the many variables that would most likely change from 
day to day.

A very high reliability [Pearson Product-Moment Correlation coefficient (r)] was 
found for all pole and training aid types (Table 2):

Table 1  Average run 
time ± SD (s) per pole or 
training aid type

Average SD

Whiskers 11.810 1.652
Hero 11.769 1.981
137 cm 12.644 1.772
152 cm 12.502 1.600
180 cm 13.011 1.770

Table 2  Reliability for each 
pole and training aid type

r

Whiskers 0.953
Hero 0.991
137 cm 0.978
152 cm 0.956
180 cm 0.948
Average 0.967
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3.2  �Perception

Skiers showed consistent trends in perception after their conclusion.

3.2.1  �Questionnaire Results (Table 3)

3.3  �Acceleration

3.3.1  �Mean Acceleration Skilled vs. Less Skilled

There were significant differences for mean sagittal plane helmet acceleration 
between the three pole types and the two training aids. Also, a significant difference 
was observed when the skiers were grouped into “skilled” and “less skilled” cohorts 
(p = 0.0000). The skilled skiers having a positive acceleration while the less skilled 
a negative acceleration. See Fig. 2.

Table 3  Results from the 0–10-point Likert scales asked at the conclusion of each run

Slow/fast Aggressiveness Confidence Line

Whiskers 8.04 8.25 8.46 7.90
Hero 7.85 7.97a 8.57 7.80
137 cm 7.80 7.99 8.49 7.92
152 cm 7.97 8.06 8.15b 7.54c

180 cm 6.99d 7.31d 7.58d 6.91d

aSignificantly different from Whiskers (p = 0.05)
bSignificantly different from 137 cm and Heroes (p = 0.01)
cSignificantly different from 137 cm (p = 0.01) and Whiskers (p = 0.05)
d Significantly different from all other poles and training aids (p = 0.01)

Fig. 2  Helmet acceleration across pole type
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There was also a significant difference in mean acceleration between the skilled 
and less skilled in the vertical (p = 0.000) and lateral (p = 0.000) directions.

There were no significant differences in mean acceleration in any of the three 
directions between the five pole types, nor was there any difference when grouped 
into the two training aids (Whisker and Hero) and the two longer pole lengths (152 
and 180 cm) for any of the three directions. See Fig. 3.

Fig. 3  Mean accelerations in the fore/aft (x), vertical (y), and lateral (z) direction for the three pole 
lengths and two training aids for skilled and less skilled ski racers
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3.4  �Peak Acceleration

When averaged over ten consecutive turns there was significant differences for peak 
acceleration for the skilled group in the z direction (p = 0.03) when the short props 
were compared to the two long poles, and for the less skilled in the y direction 
(p = 0.05). When the short props were compared to the two long poles, all other 
short props vs. tall poles were nonsignificant.

4  �Discussion

Three pole types (lengths) and two training aids were selected for this study. The 
27 mm shaft diameter was chosen over the 25 mm shaft based upon a previous 
USSA club questionnaire and US supplier recommendations. The 137 and 152 cm 
lengths were chosen as they are popular lengths used in the United States for young 
ski racers, and 180 cm as the FIS standard. Whiskers and Heroes were included as 
they are popular training choices.

The subjects were very homogenous in age. The control of age was important to 
eliminate or reduce age as an extraneous variable that could potentially affect the 
results. The study was conducted over 11 nonconsecutive days on 12 differing 
slopes. This helped to ensure that the results would be representative to the popula-
tion in question.

Acceleration was positive for the skilled skiers and negative for the less skilled 
skiers across all three pole lengths and the two training aids. The question must be 
asked, was this difference in acceleration due to the pole length or type, or was it 
indicative of the skilled behavior?

Did pole type effect time? Whisker and Heroes were the fastest, with the 137 and 
152 cm next, followed by 180 cm as the slowest. This time transition from shorter 
pole to longer pole agrees with intuitive logic and could be based on the mechanical 
energy dissipation consequence of shaft deformation, shaft acceleration, and hinge 
resistance, or possibly the influence of pole size on the racer’s psychological state.

The run time of Whiskers and Heroes were not statistically different from one 
another. Contact with the pole or any line alteration with the Hero did not seem to 
influence the finish time when compared to the Whiskers. This was confirmed with the 
skier’s subjective impression giving a similar response (Whisker: 8.04, Hero: 7.85) 
when asked if they felt “slow” (0) or “very fast” (10). The skiers also report feeling 
less aggressive on the Hero (7.97) courses than the Whisker (8.25) courses (p = 0.01).

The 137 and 152 cm poles were not significantly different from each other in 
time. However, they were significantly different from the Whisker, Hero, and 
180 cm. While the skier’s time was not statistically different, they did report feeling 
less confident and less satisfied with their line when skiing the 152 cm pole.

The 180 cm poles elicited the slowest time, which was also the feeling generated 
from the skiers. The skiers also felt less aggressive and less confident along with 
less satisfaction with their line.
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A very high reliability was found for all five pole types (cumulatively r = 0.967). 
Reliability is an essential component of validity which was essential for this study. 
Being assured that a run time per pole type was indeed indicative of that pole type 
was crucial to the interpretation of the results.

4.1  �Possible Explanations

There are natural acceleration consequences of a skier center-of-mass during a ski 
turn. Reid and coworkers have used kinematic data with elite ski racers showing that 
during a slalom turn, the skier’s CoM goes through a period of negative acceleration 
that is followed by a period of positive acceleration between turns [1]. The period of 
negative acceleration starts when the turn is initiated which is before flex pole contact. 
Recently, Schindelwig and coworkers used finite element analysis to demonstrate the 
increase in race time due to a longer flex pole in children’s slalom racing [5].

4.1.1  �Physical Contact with the Pole

It has been calculated that elite ski racers contacting an FIS A pole will use 45 J for 
work to deform the pole, 108 J to accelerate the pole, and 28 J to overcome hinge 
resistance for 181 J of work. This comes out to be about 4% of his kinetic energy 
(R. Reid, personal communication, 2010). Upon video analysis, the less skilled ski-
ers did not necessarily contact the pole.

4.1.2  �Anticipatory Postural Control

Racers contact the pole by hitting, blocking, moving, or clearing it out of the way 
with their hand or ski pole allowing their body to take a shorter path. The action to 
perform this “clearing” maneuver involves raising the arm which is accomplished 
with the pectoralis major and anterior fibers of the deltoid. While this is the mecha-
nism, a phenomena observed and described by Belen’kii et  al. [6] that standing 
subjects when asked to raise their arm, utilized both their prime movers (arm) and 
their postural muscles (trunk and legs). The postural muscles innervate 50 ms prior 
to the prime mover activation. This was in anticipation the upcoming destabilizing 
effects of the arm movement.

The more skilled ski racers could be anticipating the impact of pole contact with 
their postural muscles. These could be with the lower body or the neck muscles. In such 
a case, they are accelerating their upper body in proactive manner intuitively knowing 
that the pole will have a negative accelerating effect on them. This anticipatory postural 
adjustment has been shown to be a learned response by Cordo and Nashner [7]. The 
less skilled ski racers may not have had ample experience to have sufficiently learned 
this anticipatory postural mechanism and partially explain the resultant negative accel-
eration seen in this study.

Sagittal Plane Helmet Acceleration at Pole Contact of Alpine Ski Racers is Dependent…



142

4.1.3  �Vestibulo-Ocular Reflex

The vestibulo-ocular reflex (VOR) maintains the visual image during linear and angu-
lar head movement. While skiing skill may be thought of as the ability to manipulate 
the skis in an efficient strategy, there may be an adaptive mechanisms in the central 
nervous system that is important in maintaining the VOR [8, 9]. This adaptation may 
be a result of increasing skiing skill or possibly a manifestation of maturity.

VOR motor learning functions to improve motor performance. This occurs via 
the gain of the VOR or the ratio of eye to head speed and its phase which is the 
temporal relationship between eye and head movement. Eye movements are oppo-
site in direction and approximately equal in speed to the head movement [10]. It 
could be postulated that the positive acceleration from the skilled skiers at pole 
contact was an anticipatory learned response knowing that the pole would provide 
some negative acceleration at contact.

4.1.4  �Psychological Factors

One explanation for the positive and negative acceleration at pole contact from the 
skilled and less skilled can be explained by the novelty of situation. The skilled skier 
has encountered this situation many times and knows what to expect. The less skilled 
skier is not as sure what to expect. The less skilled skiers’ negative helmet accelera-
tion may be a result of moving away from the pole in a ducking or avoidance response.

4.1.5  �Ski Pressure Management

Elite ski racers strive to pressure their skis while they are in the fall-line or in the 
part of the turn that is pointed down the hill. Less skilled ski racers and recreational 
skiers that are striving for speed control as opposed to speed conservation will have 
pressure later in the turn. This type of turn will not accelerate in the turn but con-
stantly show a negative acceleration throughout the turn.

4.1.6  �Movement Decision Under Risk

Alpine skiing can be perceived as a risky endeavor. The skier skill level can lead to 
behavior that is based on risk avoidance or risk-seeking objectives [11, 12]. A risk 
avoidance situation can be postulated from the less skilled ski racers that will have 
greater variability in most aspects of their skiing technique suggesting increased 
instability [13]. Some of the negative acceleration seen in this study could be expli-
cated by the risk perception that occurs during the middle of the turn when the skis 
are pointed at their most down the hill attitude and coinciding with a possible pole 
contact. Both could be assumed to be a “risky” moment in time.
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4.2  �What Does It Mean for Safety?

There are many ways to become injured skiing. The most obvious is losing some 
level of control of the skis. When injury does happen, there is a 50% chance it is to 
the lower extremity, which today usually means an ACL injury [14, 15]. Most of the 
ACL injuries among recreational skiers are reported to occur during falling [16, 17]. 
The three mechanisms of ACL injury all involve falling either in a backward or a 
forward direction. [18]. Specifically, the “phantom-foot,” “boot-induced anterior 
drawer,” “slip-catch,” “landing back-weighted,” and the “dynamic snowplow” 
mechanisms all have the skier falling backwards while the “valgus-external rota-
tion” the skier falls forward. This is different from the mechanisms for other sports, 
such as American football, basketball, and soccer. In these activities, the foot is in 
firm contact with the ground and usually results in deceleration, change-of-direc-
tion, or some sort of direct blow. In skiing, the skis are constantly sliding forward 
while not in contact with the ground. This forward motion constantly challenges the 
skier to maintain control of their fore/aft relationship.

Fore/aft balance has always been a nemesis to the skier. The importance to rec-
reational skiers is that the Professional Ski Instructor’s of American lists “control-
ling the relationship of the center-of-mass to the base of support to direct pressure 
along the length of the skis” as one of their five Fundamentals of Skiing [19]. And 
among elite ski racers, fore/aft movement has been found to be correlated with 
speed in a race course [20, 21].

While it would be inappropriate to suggest that having superior fore/aft balance 
would lead to greater control, and therefore greater safety, it would conversely be 
irresponsible to overlook the relevancy and connection between sagittal plane con-
trol and the possible association with safety.
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Auxetic Foam for Snow-Sport Safety Devices

Tom Allen, Olly Duncan, Leon Foster, Terry Senior, Davide Zampieri,  
Victor Edeh, and Andrew Alderson

Abstract  Skiing and snowboarding are popular snow-sports with inherent risk of 
injury. There is potential to reduce the prevalence of injuries by improving and 
implementing snow-sport safety devices with the application of advanced materials. 
This chapter investigates the application of auxetic foam to snow-sport safety devices. 
Composite pads—consisting of foam covered with a semi-rigid shell—were investi-
gated as a simple model of body armour and a large 70 × 355 × 355 mm auxetic 
foam sample was fabricated as an example crash barrier. The thermo-mechanical 
conversion process was applied to convert open-cell polyurethane foam to auxetic 
foam. The composite pad with auxetic foam absorbed around three times more energy 
than the conventional equivalent under quasi-static compression with a concentrated 
load, indicating potential for body armour applications. An adapted thermo-mechanical 
process—utilising through-thickness rods to control in-plane compression—was 
applied to fabricate the large sample with relatively consistent properties throughout, 
indicating further potential for fabrication of a full size auxetic crash barrier. Further 
work will create full size prototypes of snow-sport safety devices with comparative 
testing against current products.

Keywords  Skiing • Padding • Impact protection • Snowboarding • Material

1  �Introduction

Alpine skiing and snowboarding are popular Winter Olympic Sports. Worldwide 
participation numbers are hard to predict, but there are an estimated 115 to 200 mil-
lion skiers [1, 2] and 10 to 15 million snowboarders [3–5]. Despite the popularity of 
snow-sports, there are inherent risks of injury, and even death. Snowboarders are at 
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greater risk of injury than skiers [6–8], with estimates ranging from 1 to 15 injuries 
per 1,000 riding days [9, 10]. The upper extremities are particularly at risk among 
snowboarders [7, 9, 11, 12], with wrist injuries common for beginners and children 
[7, 13–16].

Falls account for the most snow-sport injuries, contributing to 43 to 73% of inju-
ries for skiers and 69 to 93% of injuries for snowboarders [17]. Experienced partici-
pants experience the greatest incidence of injuries when attempting jumps [18]. 
Devices are available for reducing injuries; these include crash barriers and personal 
protective equipment (PPE). Crash barriers are often large foam pads, designed to 
limit peak force in the event of a collision with a fixed object. Personal protective 
equipment includes helmets, wrist protectors and body armour such as back 
protectors.

Standards ensure certified snow-sport helmets limit peak force (e.g. EN1077 
[19] and ASTMF2040 [20]) and resist penetration (e.g. EN1077), but they do not 
always provide for protection against concussion [12]. There are no snow-sport-
specific standards for wrist protectors [16] or back protectors [21]. There is consen-
sus that wrist protectors can prevent injuries by absorbing energy and limiting 
hyperextension, but it is unclear which designs offer the most protection [16]. Back 
protectors come in two primary forms, a hard shell with padding underneath offer-
ing greater resistance to penetration, and foam in isolation which absorbs more 
impact energy [21]. Snow-sport safety devices might be improved through design 
changes including the application of advanced materials which could allow reduced 
bulk, increased comfort and greater protection across a range of scenarios.

A number of studies present a case for applying auxetic foam to sport safety 
devices [e.g. 22–26], and there are patents for sportswear with auxetic components 
[27–29]. Auxetic foams are characterised by a negative Poisson’s ratio; when com-
pressed in one direction these materials contract in one or more perpendicular direc-
tions. This contraction and densification under the region of contact can lead to 
increased indentation resistance [30], which could be particularly beneficial to 
snow-sport safety devices. The indentation resistance (H) for an isotropic material 
is related to Poisson's ratio (ν) and Young's modulus (E),
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where x depends on the indenter shape [31]. For isotropic materials, the thermody-
namically allowable upper and lower limits for Poisson’s ratio are +0.5 and −1.0, 
respectively. Hence, for a given Young’s modulus, indentation resistance will have a 
maximum finite value when Poisson’s ratio equals +0.5 for conventional (positive 
Poisson’s ratio) materials, whereas it increases towards infinity as Poisson's ratio 
tends towards −1.0 for auxetic materials.
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1.1  �Auxetic Foam

Despite the wealth of research into auxetic foam, work is needed to determine how 
best to fabricate and apply it to snow-sport safety devices. The general mechanism 
involves compression of conventional foam, followed by softening and then stiffen-
ing in the compressed state to give a re-entrant cell structure, as outlined in Lakes 
[32]. Heating to around the “softening temperature” is the common method of soft-
ening (“thermo-mechanical softening”) [e.g. 24, 32–35] although a chemical bath 
can also be used (“chemical–mechanical” or “mechanical–chemical–thermal soft-
ening”) [36, 37]. Increasing volumetric compression ratio (VCR—ratio of uncom-
pressed to compressed volume), up to a limit of approximately five, generally 
enhances auxetic behaviour and lowers Poisson’s ratio [24, 33]. The conversion 
process can be applied to a range of materials [e.g. 34, 38], and highly anisotropic 
auxetic foam can be obtained by applying different amounts of compression in each 
direction during fabrication [39].

When applying the thermo-mechanical process, there is, as yet, no consensus 
regarding the best heating time and temperature combination to maximise auxetic 
behaviour. Differences may be due to variations in foam properties between studies, 
the VCR applied and the size of fabricated samples. Early exploratory studies pro-
duced small samples of auxetic foam [e.g. 32, 38], while recent work has produced 
larger samples as the research moves closer to commercial applications [23–25, 40, 41]. 
Producing large samples is challenging as the thermo-mechanical process can result 
in inhomogeneous auxetic foam due to non-uniform temperature and compression 
gradients present during fabrication [25, 33, 40, 42]. A reliable method of fabricat-
ing large volumes of auxetic foam is therefore required to facilitate production and 
testing for snow-sport safety applications, including monoliths for crash pads and 
sheets for body armour.

Auxetic behaviour is identified by confirmation of a negative Poisson’s ratio. 
Poisson’s ratio is often measured during low-speed stretching or compression, by 
tracking the position of markers on a sample followed by linear regression of lateral-
strain vs. axial-strain data in the low axial-strain region [e.g. 25, 34]. Negative 
Poisson’s ratios have been measured for auxetic foams subject to high-speed com-
pression [24, 43]. This is especially relevant to snow-sport safety devices, which are 
typically required to absorb energy through compression at relatively high speed. 
Work exploring snow-sport safety applications of auxetic foams should, therefore, 
involve testing at high strains and strain rates, for both crash pads and body armour.

Auxetic foams have higher resilience [24, 32] and absorb more energy [44] under 
compression compared to their conventional open-cell counterparts. Their stress–
strain curves have an extended quasi-linear region and the foam densifies earlier as 
a result of lateral contraction [34]. This lateral contraction can cause auxetic foam 
to deform less in the direction of the applied load under impact [23] and reduce peak 
force in comparison to conventional open-cell foam [23, 24]. Auxetic foams have 
been shown to be particularly effective at limiting forces from concentrated impact 
loads when combined with a semi-rigid shell [24, 25], which should lend them well 
to padding in body armour.
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2  �Objective

Auxetic foams offer potential to improve snow-sport safety devices, such as body 
armour or crash pads. Work is required to determine how best these novel materials 
can be utilised. This work will explore applications for body armour, by examining 
the energy absorbed by a composite pad consisting of an auxetic foam sheet and 
semi-rigid shell subject to a load–unload cycle. The feasibility of producing auxetic 
foam crash pads will be explored by applying an adapted thermo-mechanical pro-
cess to fabricate a large sized sample.

3  �Methods

Open-cell polyurethane foam (R30RF and R60RF, supplied by Custom Foams) was 
converted to auxetic foam. The foam has a working temperature range of −40 to 
+120 °C (as specified by the supplier), indicating it is suitable for use in typical 
climate conditions for snow-sports. Foam of the same type has been used in previ-
ous work [e.g. 24, 26] and similar thermo-mechanical conversion processes were 
adopted here. Over-sized foam samples were compressed in a metal mould consist-
ing of two U-shaped parts, with the internal faces lubricated with olive oil. The 
mould containing the compressed foam was placed in an oven at 180 °C for two 
heating phases followed by a 20 min annealing phase at 100 °C. The heating time 
was dependent on the size of the foam sample. Each sample was removed from the 
mould after each phase and gently stretched by hand to reduce adhesion of cell ribs. 
Following annealing the foam was left to cool to room temperature in the mould. 
Poisson’s ratio was measured from quasi-static tests by filming pins in a sample 
while it was being stretched or compressed. The video footage was analysed later 
with a Matlab (Mathworks) script, which automatically tracked the positions of the 
pins to obtain true strain. Details of the methods for the body armour and crash pad 
examples are described below.

3.1  �Body Armour

Composites pads—consisting of a 10 × 90 × 90 mm or 20 × 90 × 90 mm foam 
sample covered with a 4 × 90 × 90 mm polypropylene (PP) sheet (Direct Plastics, 
PPH/PP-DWST-Homopolymer)—were investigated as a simple model of body 
armour. The larger pads had similar thickness to commercially available back pro-
tectors [21]. To help ensure uniform compression and temperature and the produc-
tion of homogeneous samples, auxetic foam sheets were converted individually at 
the required thickness, rather than converting and then slicing a cube [26]. Foam 
(R30RF and R60RF) samples (15 × 143 × 143 mm and 30 × 143 × 143 mm) were 
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compressed to 70% of their original size along each dimension in a mould, resulting 
in a VCR of 3. The heating phases at 180 °C were 25 min long. After a week, a 
5 mm wide strip was cut from each side of the foam cuboids to leave 10 × 90 × 90 mm 
or 20 × 90 × 90 mm samples. Thirteen samples were fabricated, six 10 mm thick and 
seven 20 mm thick. Two 10 × 90 × 90 mm and two 20 × 90 × 90 mm samples of 
unconverted foam (R60RF) were cut from a monolith for comparative testing.

Concentrated load compression testing (Instron 3369, fitted with a 50 kN load 
cell) was performed with a PP sheet placed unbonded on top of each sample. The 
pad rested on a flat plate and a load was applied to the centre of the upper face with 
a stud (Kipsta, aluminium football stud, 18 mm length) as shown in Fig. 1. Pilot 
testing confirmed the efficacy of the set-up for providing intermediate behaviour 
between compressing foam in isolation between two flat plates, and a stud and a flat 
plate. Following application of a small preload (approximately 1 N), the pad was 
compressed and unloaded in a cycle to 60% of the foam thickness (6  mm and 
12 mm) at 3 mm/min. Energy absorbed was calculated as the difference between the 
area under the loading and unloading curve.

Chan and Evans [34] reported slightly lower Poisson’s ratios for auxetic foam 
under tension in comparison to compression. In this work, Poisson’s ratio was mea-
sured in tension to avoid issues with, (1) contact surface friction when compression 
testing thin sheets [24–26] and, (2) positioning and tracking pins in a small sample 
(cut from the sheet) under compression. After testing the pads, a sample of auxetic 
foam of each thickness and porosity was cut into three equal strips (resulting in six 
measuring 10 × 30 × 90 mm and six measuring 20 × 30 × 90 mm in total) and card-
board was glued to the ends so they could be gripped (Fig. 2). Each sample was 
stretched at 10 mm/min (strain rate of 0.002 s−1) to 30% extension. Four pins in a 
20 × 20 mm square in the face of the sample were filmed with a camera (JVC Everio 
Full HD resolution 1920 × 1080 pixels) and Poisson’s ratio was obtained from lin-
ear regression of true lateral-strain vs. true axial-strain data up to 10% extension.

Fig. 1  Compression test 
set-up displaying foam 
sample, PP shell and stud 
used to apply a 
concentrated load
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3.2  �Crash Pad

A 70 × 355 × 355 mm auxetic foam sample was created by compressing a 96 ×   
445  ×  445 mm foam monolith into a mould with internal dimensions measuring 
70 × 355 × 355, to give a VCR of 2. Through-thickness compression was marginally 
higher to account for elongated cells in the rise direction. Following the methods of 
Duncan et al. [26], through-thickness metal rods were used to help fit the foam into 
the mould, control in-plane compression and draw heat through the porous material 
(Fig. 3).

The face of each half of the mould contained a grid of 36 holes, with a diameter of 
3.5 mm and an equal spacing of 50 mm (Fig. 3a). An equal number of rods with a 
diameter of 3 mm were inserted through the thickness of the uncompressed foam with 
61 mm spacing (Fig. 3b). The rods passed through the corresponding holes in the two 
halves of the mould as they came together, helping to draw the foam into place 
(Fig. 3c, d). The heating phases at 180 °C were 35 min long, with the rods removed 
after the first and not returned. The dimensions of the sample were measured after 
cooling and then 7 days later to confirm the foam was stable and had not expanded.

Fig. 2  Tensile test set-up 
displaying pins used to 
measure Poisson’s ratio, 
(Left) no extension and 
(Right) maximum 
extension
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Three 50 × 50 × 70 mm samples were cut from the converted foam with a band-
saw, corresponding to the centre, corner and centre of an edge (Fig. 4). Each sample 
was compressed (Instron 3367, fitted with a 5 kN load cell) three times between two 
flat plates along the longest dimension (70 mm) to 50% strain at 10 mm/min (strain 
rate of 0.002 s−1). Pins in the face of the sample were filmed with a camera (Sony 
Handycam HFR-CX410 operating at 25 Hz) to obtain true strain (Fig. 5) in both 
directions. Two pins approximately midway up the sample and around 30 mm apart 
were used for true lateral-strain and four pins arranged in a rectangle around the cen-
tre were used for true axial-strain. Poisson’s ratio was obtained from linear regression 
of the true lateral-strain vs. true axial-strain data up to 50% compression.

Density measurements of the samples were used to examine local variations in 
VCR and images of the foam were obtained with an optical microscope (Leica S6D) 
to examine cell structure.

4  �Results

4.1  �Body Armour

Figure 6a show lateral-strain vs. axial-strain from a tensile test of auxetic foam. 
Averaged across all 12 samples, mean Poisson’s ratio was −0.01 with a standard 
deviation of 0.13, suggesting marginally auxetic behaviour. Figure  6b, c shows 
example force–displacement curves for concentrated load compression tests of 
pads. The pads containing conventional foam exhibited an initial region of high 
stiffness, followed by a plateau region with evidence of densification towards maxi-
mum compression. In contrast, pads containing auxetic foam exhibited an extended 
region of quasi-linear stiffness up to approximately 50% compression of the foam, 
followed by a region of increasing stiffness. The shape of these loading curves are 
similar to those reported for quasi-static compression testing of conventional and 
auxetic foam between two flat plates [32, 44].

Fig. 3  Process used to fit the large foam sample into the mould, (a) top view of mould half with 
holes for rods, (b) top view of uncompressed foam with rods inserted, (c) illustration of foam 
compression into mould, and (d) side view of mould containing compressed foam with through-
thickness rods
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Fig. 4  (a) Large 
(70 × 355 × 355 mm) 
sample of converted foam 
with samples removed and 
(b) 50 × 50 × 70 mm 
samples cut from large 
sample of converted foam

Fig. 5  Compression test set-up displaying pins used to measure Poisson’s ratio, Left) No compres-
sion and Right) Maximum compression
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Figure 7 summarises peak force and energy absorbed for the concentrated load 
compression tests on the pads. Peak force was approximately four times higher for 
the thin auxetic pads compared to their conventional counterparts and approximately 
five times higher for the thick auxetic pads than their conventional equivalents. For 
a given foam, the energy absorbed in the compression cycle increased with pad 

Fig. 6  (a) Strain–strain data for a tensile test on a 10 × 30 × 90 mm sample of R30RF auxetic 
foam, showing linear trend line used to obtain a Poisson’s ratio of −0.4. Example force–displace-
ment relationships for concentrated load quasi-static compression on composite pads consisting of 
an R60RF foam sheet and 4 mm thick polypropylene shell, (b) 10 mm thick foam and (c) 20 mm 
thick foam
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thickness. The thinner pads with auxetic foam absorbed around twice as much 
energy as their unconverted counterparts, while the thicker auxetic pads absorbed 
approximately three times more energy than their conventional equivalents.

4.2  �Crash Barrier

Figure 8a shows example compressive stress–strain curves for samples from the 
large foam conversion. The curves all show an extended quasi-linear region fol-
lowed by progressive stiffening at approximately 30% compression, characteristic 
of auxetic foam [32, 35]. The corner sample was slightly stiffer above approxi-
mately 20% compression, with maximum stress ranging from 13 to 16 kPa in com-
parison to 11 to 13 kPa for the edge and centre samples. Figure 8b shows an example 
true lateral-strain vs. true axial-strain curve for the centre sample from the large 
foam conversion. Poisson’s ratio was −0.078 ± 0.014 (mean ± standard deviation) 
for the corner sample, −0.013 ± 0.003 for the edge sample and −0.068 ± 0.010 for 
the centre sample, indicating marginally auxetic behaviour. Density measurements 
confirmed a VCR of approximately 2 for all samples. Figure 9 shows the conven-
tional foam had a regular cell structure and all the converted foam samples had a 
re-entrant cell structure, characteristic of auxetic foam.

5  �Discussion

Composite pads—consisting of a sheet of auxetic foam and a semi-rigid shell—
absorbed approximately three times more energy than their conventional equivalent, 
under quasi-static compression with a concentrated load. Auxetic pads were also 

Fig. 7  Concentrated load compression testing results, (a) Peak force and (b) Energy absorbed. 
Error bars correspond to one standard deviation either side
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stiffer with peak force approximately five times higher when compressed to 60% of 
the foam thickness, which will likely offer greater resistance to bottoming out under 
impact, as reported previously [24–26]. These results show further potential for 
auxetic foam as an energy-absorbing component in PPE for snow-sports, such as 
back or wrist protectors. Relatively low stiffness foam was used here and further 
work should aim to fabricate stiffer auxetic foam that is more representative of foam 
typically used in PPE.

A modified thermo-mechanical conversion process—utilising through-thickness 
rods to provide greater control over in-plane compression—was applied to produce 
a relatively large sample (70 × 355 × 355 mm) of auxetic foam as an example crash 
pad. Analysis of samples taken from different locations in the pad showed relatively 
consistent stress–strain curves, densities and Poisson’s ratios, with a re-entrant cell 
structure throughout, indicating the new process can produce large quasi-
homogeneous monoliths of auxetic foam. The new process can now be applied to 
produce samples with different VCRs, as the amount of compression during fabrica-
tion can influence impact performance [24]. Despite the relatively large size of the 

Fig. 8  (a) Example stress–strain relationship for quasi-static compression of 50 × 50 × 70 mm 
samples cut from the 70 × 355 × 355 mm sample of converted foam and (b) strain–strain relation-
ship for the centre sample
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example auxetic pad in comparison to samples typically reported in the literature, it 
was smaller than a snow-sport safety crash barrier. Future work will, therefore, 
apply the new technique to produce a full size crash pad with comparative testing 
against current products.

Low temperature performance is important for snow-sport safety devices, and 
this needs careful consideration in further work investigating the application of aux-
etic foam. Different candidate foams should be investigated with a focus on identi-
fying those with the most suitable working temperature range for snow-sports 
applications. EN1077 specifies snow-sports helmets to be acclimatised at both 
20 °C and −25 °C prior to testing and a similar temperature range could be used as 
a starting point when characterising auxetic foam. Crash barriers will be repeatedly 
subject to extreme climate conditions on the mountain for extended periods of time, 
whereas body armour is typically worn underneath clothing where the minimum 
temperature should be higher. Future work should look towards identifying the most 
suitable candidate foams for specific applications.

The work presented here has shown further potential for auxetic foam to be 
applied to snow-sport safety devices. Future work will apply the new conversion 
process to produce larger sized samples, while tailoring mechanical properties of 
the auxetic foam to specific applications. Fabrication of prototypes and impact test-

Fig. 9  Microscope images of cell structure for conventional foam and samples cut from the large 
conversion, (Top left) conventional foam, (Top right) Corner, (Bottom left) Edge, (Bottom right) 
Centre. The yellow scale line represents 1.5 mm
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ing for scenarios representative of snow-sport collisions is required. Impact testing 
of auxetic foam should be performed at temperatures typical of those where snow-
sport is practised and the effect of repeated loading should be investigated.
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