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Abstract: In current sport equipment evaluation and optimization, most studies consider the body and an equipment to-

gether as one system. This is partially because equipment optimization is mainly done through modification of mechanical 

designs, thus equipment evaluation is conducted through statistical comparisons of how different mechanical designs per-

form under human usage. However, it is known that any change in the performance environment would cause one to adapt 

certain aspects of his or her movements. Variation in equipment is considered as such a performance-altering environ-

mental change. Yet, this equipment-induced motor control change is hardly studied in sport equipment evalua-

tion/optimization, such as studies on golf clubs, pole-vaulting poles and hockey sticks. Without a thorough understanding 

of the interactions between equipment alteration and human motor control adaptation, equipment optimization is like a 

hit-and-miss game. Therefore this paper aims: 1) to look back at the different generations (eras) in the development of 

sports equipment, 2) to elaborate the roles of engineering and sport science/motion analysis technology in each generation 

and 3) to discuss the essence of sport science research in sport equipment optimization, which has evolved beyond pure 

engineering. One focus of this review is on body-equipment interactions and body movement adjustments in response to 

different equipment designs. Both these aspects should ideally be included in future studies related to sports equipments. 

INTRODUCTION  

Sport Equipment Optimization is a major study area for 
those researching sport equipments and human factors, a 
sub-discipline of Human Factors and Ergonomics (HFE). In 
general, HFE focuses on optimizing the interaction of human 
performers with their work environment. Examples include 
assessing the mechanical, physiological and psychological 
demands placed on the performer while doing physical work 
[1]. Since it is desired that we perform physical activities 
efficiently, it is crucial to have appropriate equipment de-
signs to support the human performer. A review of the rela-
tionship between improvements in human performance and 
the development of equipments will, undoubtedly, help us 1) 
to assess our current research methods, 2) to evaluate current 
equipments and 3) to identify possible directions for further 
improvements. Boff [2] has recently divided the develop-
ment of HFE into four generations; they have evolved from 
adapting human performance to best utilize existing equip-
ments to improving equipment design for biological en-
hancement of physical or cognitive capabilities. As a sub-
discipline of HFE, sport HFE experienced similar, yet nota-
bly different development phases. Historically, sport HFE 
has emphasized more on the engineering and less on the hu-
man movement science. A review of the past and the present 
will hopefully orient and benefit future studies in this area.  

Many sports allow the use of equipments that, in the most 
cases, have evolved over time. It has been known that human 
performance can be enhanced by intelligent designs of 
equipments [3]. However, unlike general equipment design, 
sport equipment design is often limited not by the natural  
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rules of physics but by the man-made rules of the sport. A 
delicate balance is maintained between the need for tradition 
and the desire for new technologies. Sport competitions are 
held under the rules and regulations of the International As-
sociation of Athletic Federations (IAAF), which was 
founded in 1912 and has about 220 member nations [4]. The 
IAAF put restrictions on the design of sport equipments. An 
underlying philosophy is that a fair competition should be 
determined by the physical and technical abilities of the ath-
lete, and not by differences in the quality of the athletes’ 
equipment [5]. For instance, tennis balls have been highly 
specified by the rules of international Tennis Federation for 
over a hundred years, driven by a desire for conformity of 
ball dimension, mass, and playing characteristics [1]. With 
such limitations on sport HFE, the development of sport 
equipment research distinguishes itself from other HFE sub-
domains. 

Sport equipment research can be divided into four gen-
erations or eras. They are characterized by physical fit, 
equipment fit, system fit and biological fit. While spanning 
different time periods, these four generations share a com-
mon interest in achieving human physical effectiveness. 
What differentiates among the generations is a change in the 
fundamental role of the human subject in human-equipment 
system integration. During the development of sport HFE, 
evolving engineering knowledge and new materials & tech-
nology has dramatically transformed sport equipment re-
search; but the end-goal of increasing the humans’ capabili-
ties during sport activity remains fundamentally unchanged. 
As sport HFE advances, the adaptation of engineering meth-
ods to human movement science is becoming more and more 
crucial for improving human performance [6]. The most cur-
rent generation of sport HFE – biological fit – addresses in-
dividual biological variation, thereby altering traditional 
production patterns of the sport equipment industry by shift-
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ing from mass production to customized production (equip-
ment individualization). This new trend introduces a heavy 
reliance on performance evaluation. For most sport activities, 
studies are still needed to establish a valid evaluation 
method. 

This review paper aims to 1) illustrate the four genera-
tions of sport HFE with examples, 2) identify current diffi-
culties and 3) discuss the essential role of sport science re-
search in sport equipment optimization, which is no longer a 
pure engineering issue. 

PHYSICAL FIT  

The first generation of sport HFE was focused on altering 
the ‘‘physical fit’’ of the equipment to match human capa-
bilities and limitations. Its overall goal was to increase hu-
man physical efficiency. Researchers in this generation were 
mainly practitioners with/without engineering background. 
Through their practices, they were involved in both the study 
and the application of equipment design. Generally, this gen-
eration invented / improved uncomplicated equipments and 
trained the body to make the best use of the equipments, 
which were subjected to design limitations. 

This first generation had little connection with science 
and engineering. It was based largely on the experience of 
practitioners rather than the results of controlled experi-
ments. Such empirical understanding specified the capacities 
and limitations of human subjects, from which the choice of 
a better design should be directly deducible. Some represen-
tative figures of this era include Adi Dassler, who introduced 
nail spikes shoes in 1925 [7] and Cy Denneny, who invented 
curled hockey sticks in 1926 [8]. 

As these practitioners’ new designs became visible 
through the Olympics and other public sport competitions, 
people began to realize that changing equipment design 
would influence human performance. Consequently, engi-
neers became interested in the area. This subsequently pro-
moted the quantitative analysis and development of various 
sport equipments and the start of sport HFE communities 
and industry, thereby serving as a critical precursor to the 
emergence of generation 2. 

EQUIPMENT FIT  

In large measure, generation 2 was dominated by engi-
neering. Successful examples from practitioners proved that 
human performance could be enhanced by improvements in 
the design of equipment. This inspired engineers to apply 
engineering methods into sport equipment research. Through 
the involvement of engineering, athletic performance im-
proved. This was especially true for those equipments 
strongly influenced by aerodynamics, such as javelin, discus 
and bobsleigh [4, 9, 10]. 

For generation 2, equipment design contained a signifi-
cant component of material science and engineering. The 
continuing changes of sports equipments in past decades 
were highly connected with the development of new materi-
als. This major impact of advanced materials in innovative 
designs can be seen in various sports, including tennis with 
its graphite fiber reinforced polymer rackets, golf with its 
tungsten weighted clubs, and vaulting with its metal matrix 
composite inserts and glassy metal inserts in vaulting poles 

[4, 11, 12]. The greatest advantage of these new materials is 
their low density, which translates into higher specific 
strength and stiffness [13]. These properties considerably 
reduce the weight of sporting equipments. Additionally, the 
new materials have high torsion strain resistance and tough-
ness. These attractive properties are highly sought after in 
various sporting equipments. 

While breaking world records using new equipment is 
exciting, not all such engineering changes in equipment de-
sign were welcomed with open arms by the sport governing 

bodies. Some new designs were either endangering other 
athletes and officials or changing too drastically the very 
nature of the sport. Consequently, they were quickly out-
lawed by the rules committee of the sport. The redesign of 

javelin in 1980s was such an example. New designs in jave-
lin allowed the world record in the men’s event to exceed 
100 m, which rendered it difficult to hold the event within a 
standard athletics stadium [14]. Another example was the 

“klap” speed skate that increased the time and range of mo-
tion of each push off the ice, thus dramatically increasing 
attainable speeds [15]. This gave such an advantage to the 
country where these skates were developed that there was 

controversy over the amount of access other skaters had to 
the new skates. These impressive equipment improvements 
in many sports introduced concerns that the Olympics may 
be more an engineering competition than a sporting one [16]. 

It should be noted that this generation took an almost 
purely mechanical approach to improving equipment design. 
No sensory feedback or biological reactions were considered 
[17]. In other words, sport science or movement science was 

still under-toned in sport equipment evaluation and optimiza-
tion. 

SYSTEM FIT  

Unlike equipment-centered generation 2, generation 3 

was concerned with human systems integration. During this 
era, more sport scientists (or human motion analysts) became 

involved in the evaluation and optimization of sport equip-

ments. By this time, it was becoming increasingly clear that 
there is a limit to purely engineering solutions; thus factors 

of human performance were explored for equipment optimi-

zation. The previous equipment-centered view had over-
looked characteristics of human movement and thus left un-

examined an entire field of parameters that contribute to a 

more effective sporting equipment design. To improve 
equipment design beyond materials and mechanical engi-

neering, generation 3 developed human motion analysis 

technologies to quantify the effects of various sport equip-
ments [6, 17, 18, 19, 20]. 

Sport HFE is currently in this third generation – system 
fit – for most sport equipment developments. A general 

paradigm for this field is for equipment producers to supply 

numerous equipments of different engineering designs to 
sports scientists for evaluations. These evaluations most of-

ten comprise of quantification of available athletes’ move-

ments with selected equipments using motion analysis tech-
nologies. The ensuing descriptive/statistical results are fed 

back to the producers for possible equipment improvements. 

Some representative works are hockey stick studies by 
Pearsall et al. and Wu et al. [18, 21, 22], golf club studies by 
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Nils et al. [23] sport shoe studies by Nigg et al. [24, 25] and 

baseball bat studies by Bahill et al., Noble et al., and Wey-

rich et al. [26, 27, 28]. 

The statistical analysis / comparisons of various equip-
ments using human-equipment systems are still, to some 
degrees, mechanical approaches. Rarely do they integrate 
engineering and sport scientific works and most new equip-
ments undergo engineering tests before marketing [11, 27, 
29, 30]. Additionally, human-equipment system results from 
sports science only reveals the differences among the prod-
ucts and do not identify the causes of such differences. The 
reveal of the causes needs first to explore the interaction be-
tween body and equipment. It is known that any change in 
performance environment would alternate human motor con-
trol [31]. Variation of a sport-equipment is considered an 
environment change for the purposes of human performance. 
Yet, equipment-induced motor control change is hardly stud-
ied in sport equipment evaluation/optimization. As engineer-
ing optimization of sport equipments approach its plateau, a 
thorough understanding of the interactions between equip-
ment and human motor control adaptation is needed to take 
the guess work out of equipment optimization. Current and 
future sport HFE would benefit from closer collaborations 
between engineering and sport science. 

BIOLOGICAL FIT  

The budding fourth generation of sport HFE will likely 
focus on biologically altering or modifying human physical 
capabilities to maximize the effectiveness of human per-
formance. There will likely be a marked shift from building 
better engineering solutions to enhancing biological func-
tions for better performance. While generation 3 is currently 
focused on identifying optimized equipments through human 
motion analysis tests, generation 4 will likely attempt a 
tightly coupled neural fit between equipments and human 
motor skills. Based on the diversity of anthropometry and 
variation in individual motor control [32, 33], it is reasonable 
to assume that Biological Fit will be an individualized rather 
than a statistical procedure. Therefore, in the coming era, 
major works may wish to concentrate on: a) development of 
quantification technologies for identifying the effects of hu-
man-equipment interactions on motor control, b) explore 
biological/motor control adaptation to equipment variations 
and c) creation of mathematical/computer models to predict 
behavior of the locomotion system in systematically altered 
situations [17]. 

The works of generation 4 is still in its infant phase. Few 
studies have been reported. An early example was the call 
for smaller tennis rackets that more closely matched the 
muscular strength of young players [34, 35]. While vision-
ary, it did not receive much attention from the research soci-
ety. Another example is the study of how position of crew 
members influence the aerodynamics performance of bob-
sleigh [10]. The results showed that optimization of the crew 
configuration and padding could reduce the competition time 
by 0.3 s. The third example is a research on Golfer-club in-
teractions during swing and its influences on motor control 
strategies employed by advanced golfers [36]. The results 
indicated that the transfer of Center of Gravity (COG) during 
golf swing was influenced by both golf club type and indi-
vidual motor control strategies such as timing and coordina-

tion of joints. These results suggest that equipment optimiza-
tion should be linked to both anthropometry and motor con-
trol pattern of the end-point users. The large variations found 
in anthropometry and motor control patterns could render 
pure engineering improvements ineffective in practice. This 
was demonstrated by the results of a study done on hockey 
sticks by Lomond, Turcotte & Pearsall [37]. The research 
project examined six models of carbon-fibre composite 
hockey sticks, with both right- and left-handed blade curva-
tures, from three industry-leading manufacturers. The data 
indicated that contrary to popular and industry opinion, dif-
ferent construction parameters of blades currently on the 
market did not alter the blade’s global position or orientation 
(either positively or negatively) during the slap shot. 

It should be noted that the chronological period of these 
four generations is not necessarily identical for all types of 
sporting equipments. For certain sport disciplines, there exist 
long transition periods in which multiple generations coex-
isted. As elaborated above, the generations are defined by 
the roles of and/or relationships among a) empirical ap-
proach, b) engineering and c) sport science in equipment 
development and optimization. The following review exam-
ples from different sport disciplines illustrate how the gen-
erations progress. They also demonstrate that sport equip-
ment evaluation and optimization has entered into an era of 
where engineering and sport (or human movement) science 
meet. 

EXEMPLARY DEVELOPMENTS OF EQUIPMENT 
DESIGN / OPTIMIZATION IN SPORTS  

Pole Vaulting  

The IAAF competition rules state that the pole may be of 
any length or diameter and constructed from any material or 
combination of materials [38]. Originally, pole vaulters used 
solid wooden poles made of ash, fir, spruce, or hickory [39]. 
These poles were relatively heavy and consequently were not 
conducive to producing a fast run-up. Development of the 
pole entered into the first generation in the early 1900s, 
when most good vaulters started using bamboo poles [4]. A 
bamboo pole is hollow and therefore much lighter than a 
solid pole of equivalent structural strength. A lighter pole 
allows the vaulter to achieve a faster run-up, which improves 
athletes’ performance. The second generation began in the 
1940s as durable and slightly flexible poles made from 
Swedish steel replaced bamboo as the most popular material 
among the world’s best vaulters. In the early 1960s perform-
ances rapidly improved with the relatively rigid poles made 
from steel. With the invention of more and more new mate-
rials, pole performance was improved via new engineering 
products. Perhaps the most notable example of innovation in 
athletic equipment is the flexible fibreglass pole. The main 
advantage of a flexible pole is that it reduces the shock expe-
rienced by the vaulter when the pole is planted for take-off 
[40]. Starting in the early 1990s, carbon fibre has been used 
in some poles for body wrap section. The carbon fibre main-
tains the mechanical properties of the pole, but reduces the 
weight by about 15-25%. Although lighter than fibreglass 
poles, carbon fibre poles have not yet been universally 
adopted [4]. 

Currently, vaulting pole evaluation and optimization is in 
the third generation. The modern poles are constructed from 
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fibreglass or a mix of fibreglass and carbon fibre. These 
poles may be bent by over 170º without breaking and are 
able to store an amount of elastic strain energy that is equiva-
lent to about one half of the athlete’s run-up kinetic energy 
[40, 41]. Pole vaulters do not need a highly flexible pole to 
successfully perform a pole vault (a rigid pole will do), but 
they can achieve a considerably greater height through 
choosing a pole with an appropriate stiffness. With a flexible 
pole the athlete must take into account the timing of the stor-
age and release of energy in the bent pole. Two aspects con-
sidered when deciding the pole stiff are 1) poles must mini-
mize the loss of kinetic energy when planted for take-off and 
2) poles must return the stored energy to the athlete in a 
timely fashion [42, 43]. If the pole is too flexible, the athlete 
will reach peak height at a location beyond the crossbar; con-
versely, a pole that is too stiff will bring the athlete to peak 
height before him/her reaches the crossbar. The optimum 
pole length and stiffness is different for each athlete, and 
depends on the athlete’s run-up speed, body weight, vertical 
reach, and vaulting technique. This is clearly a multi-
disciplinary problem, where motion analysis science cannot 
be excluded. The individualized quantification of an opti-
mized pole could be achieved through integration of relevant 
parameters into a mathematical/computer model, which may 
be a research direction that would lead vaulting pole research 
into generation 4. 

Golf Club 

Before 1970s, physical fit was the main aim for golf club 
designs. Starting in the 1970s, engineering gained prominent 
roles in club improvement, indicating development of gen-
eration 2. During this period, golf clubs were often designed 
with a focus on mechanical club properties and launch data 
[44]. Such engineering-based approaches are still in practice 
today. The industry is currently varying their club shaft 
length and elasticity, center of mass and club head surface 
properties [11, 23, 29]. While these efforts address well the 
mechanical aspects of a golf swing, they do not consider 
human factors and the biomechanical / motor-control com-
ponents. Since the 1990s, more and more club studies in-
volving actual human subjects have been reported, signaling 
the start of generation 3. These studies were mainly focused 
on the influences of different club types on a swing, such as 
kinematic characteristics of 5-iron, 7-iron, 9-iron, a driver 
and pitching-wedge [45, 46] or three-dimensional trunk 
range of motion for driver and 7-iron swings [47]. It was 
found that golfers did not change their stance when swinging 
5-irons that only differed in shaft stiffness [48]. In contrast, 
players did adapt their swing to increases in driver shaft 
length with an increased feet-to-ball distance, thereby avoid-
ing changes in their body posture [49]. A recent study using 
synchronized data collection of 3D motion capture and 
ground reaction measurement had successfully revealed the 
effect of body-equipment interaction on motor skill control 
[36]. The results indicated that equipment-induced motor 
control change is related to both equipment mechanical char-
acteristics and individual motor control style. The results 
clarified that a tightly coupled neural fit between equipments 
and human motor skills can not be achieved through pure 
engineering approach. Thus collaboration with motion analy-
sis science is necessary.  

Technology has changed the construction, materials and 
appearance of golf clubs and balls over the last 30 years. 
Except the introduction of the large-headed driver that has 
led to significant improvements in driving distance, other 
alterations have only led to relatively small improvements 
when tested with human subjects [50]. The results of genera-
tion 3 suggest that there are other factors affecting the statis-
tics. In general, engineering improvements are confirmed by 
tightly controlled objective tests. Due to interactions between 
body and equipment, variations in human motor control, and 
other unknown factors, purely mechanical modifications 
often do not show any statistically significant improvement 
in practice. Establishing a scientific methodology for quanti-
fying body-club interactions and equipment individualization 
based on one’s anthropometry and trained motor control pat-
tern are possible research directions for Generation 4. 

Sport Shoe 

Current evidences suggest that generation 1 in the devel-

opment of sport shoe began in the 1920s, when Adi Dassler 

(founder of Adidas) made the use of weight-saving materials 

and introduced nail spikes and hand-made studs to special 

shoes for track and field athletics and for football [7]. Until 

1970s, physicial fit was the main driving force for develop-

ments of sport shoe. Remarkable milestones included the 

first tennis shoe in 1931 and 30 different specialized shoes 
for eleven types of sports in 1973 made by Adidas. 

Generation 2 began in early 1970s, when fitness and run-

ning activities started to thrive [51, 52, 53]. Around the same 

time, research on footwear came to attract movement scien-

tists. As such, generation 3 actually coexisted with genera-

tion 2. Initial work concentrated on the kinematic analysis of 

the foot and the lower extremities [53, 54] and energy con-

siderations of running shoes [55, 56, 57]. These studies es-

tablished variables relevant to running, leading to the con-

cepts of cushioning, rear-foot control and guidance. The re-

sults suggested that running shoes should be built to reduce 

impact loading and to reduce foot eversion as well as guide 

take-off inversion [17]. However, recent studies challenge 

that paradigm for movement control, suggesting that foot 

eversion/pronation should not be minimized in order to relate 

joint movement and corresponding muscle activity to a “pre-

ferred movement path” [58]. As stated by Nigg, the research 

so far was often still descriptive /statistical and functional 

correlations between biomechanical variables and perform-

ance related outcome was not available [17]. 

Addressing biological adaptation in generation 4 could 

possibly make substantial steps forward. It is known that 

every force acting on the human body sends signals to the 

various tissues. Some of these signals may be responsible for 

bio-positive or bio-negative effects in structures of the loco-

motion system. As such, motor control and its functions 

could be altered. Understanding the effects of such signals 

and knowing how to send the right signals may be a strategy 

for performance improvement [17]. The first challenge for 

generation 4 is to develop methodology for quantifying the 

biological adaptation. Current knowledge in this area of re-
search is very limited. 
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Hockey Stick 

A main goal for hockey stick development, like that for 
golf club, baseball/softball bat and tennis racket, is to im-
prove the efficiency of energy transfer. The first generation 
made only a handful of major developments in hockey stick 
design between the 1920s and the 1960s. It was said that Cy 
Denneny of the Ottawa Senators (Canada) invented curled 
hockey stick by bending the blade in hot water and then 
shaping the blade by a cooling process. He tried his bending 
stick during the 1926 and 1927 NHL season [8]. The next 
significant change did not occur until the 1940s, when lami-
nated sticks were born. These new sticks had layers of wood 
glued together and sandwiched to create a more flexible and 
durable design. Thereafter, engineering entered into hockey 
stick production, indicating the arrival of generation 2. The 
addition of lamination layers continued, though now consist-
ing of new materials like fiberglass or other such synthetic 
compound. These engineering solutions further added to the 
durability and performance of the stick, dramatically chang-
ing the physics of players' shots.  

As a variety of hockey sticks became marketed, scientists 
in motion analysis adopted an interest in exploring the dif-
ferences in the different marketed sticks in practice, thus 
starting the third generation. Since the late 1970s, numerous 
works have made an effort to define the overall role of the 
hockey stick shaft, including the effects of various shaft 
properties such as stiffness and construction materials [18, 
22, 59, 60, 61, 62]. Additionally, studies were also made to 
provide a comprehensive examination of the blade’s re-
sponse during shooting [37]. The results of both types of 
research were surprising. Contrary to popular and industry 
opinion, the different construction parameters of blades cur-
rently on the market did not alter the blade’s global position 
and/or orientation (either positively or negatively) during the 
slap shot. Similar results were obtained from studies examin-
ing shaft material and construction methods, demonstrating 
no significant differences in performance [18, 22, 59, 63]. 

The current scenario of hockey stick development is 
similar to that of the golf club. One reason could be the lack 
of coupled neural fit between equipments and the human 
subject in engineering development. Unfortunately, even the 
method for examining the mechanism of coupling is still un-
established. Hockey shooting, unlike golf swing, happens 
during a fast movement state. This exerts considerable chal-
lenges for motion analysts aiming to develop quantitative 
methodologies for examining body-equipment interactions. 
We have yet to see research paper signaling the arrival of 
generation 4. Perhaps with new technologies and bright 
young researchers joining the field, we can expect the era of 
generation 4 in the near future. 

OPPORTUNITIES AND CHALLENGES FOR THE 

ERA OF BIOLOGICAL FIT  

The first challenge in this era is diversity. We have inher-
ited this term with multiple interpretations. On the one hand, 
diversity is considered to indicate variety and multiformity; 
on the other, it is associated with the quality of being differ-
ent. In product design, diversity assumes at least two roles: it 
can build assurances of variety and choice into its products, 
and it can also be the source or catalyst for change. Concern-

ing the end-point users, diversity differentiates people as 
individuals. There are many dimensions in human diversity. 
They go beyond obvious differences such as race, gender, 
age, physical abilities, and marital status. Sport motor skill is 
one of them. 

The conservative nature of the underlying philosophy of 
athletics leads one to be less optimistic about opportunities 
for developing performance-enhancing equipment. Even so, 
many equipment manufacturers put considerable efforts into 
optimizing the design of their equipment within the often 
quite tight regulations. A product that gives a performance 
advantage to the athlete, however small, could break world 
record and that is enough to encourage engineers and sport 
scientists in this area. 

From the viewpoint of sport HFE professionals (sports 
engineer and sports scientist), it is important to recognize 
that the process of coupled motor-control fit between equip-
ments and human needs to be addressed and this process can 
be scientifically optimized. The first step is to develop meth-
odologies to study the mechanism of such coupling. For this, 
cooperation between engineers and sport scientists is needed. 
During this phase, we should try to answer the question: is 
there enough information provided in the research reports 
about human-equipment interaction, so that the human func-
tions performed and the equipment characteristics involved 
can be identified? 

The next step should be individualized optimization. Sta-
tistical concepts become irrelevant in this phase, as it is not 
powerful enough to address the complicated nature of hu-
man-equipment coupling, which is related to numerous fac-
tors both from mechanical and human motor-control consid-
erations. The keyword here is individualization. An appro-
priate method for addressing this key concept can be mathe-
matical modeling, which integrates mechanical, anthro-
pometrical and motor-control aspects. As such, human per-
formance with equipment may be optimized through talent 
identification (where an appropriate body size and body type 
is identified for a sport). Via motion analysis and model 
simulation, motor skill improvements and individualized 
equipment design for optimized body-equipment coupling 
can be generated. Through athletic training, the required mo-
tor control and perfection of body-equipment coupling can 
be achieved. One should note that the optimization process 
may be reiterative. 

In summary, the above opportunities challenge the fourth 
generation of sport HFE. It requires a close cooperation be-
tween engineering and sport science. Sport equipment 
evaluation and optimization is no longer a pure engineering 
issue; it needs the participation and collaboration of sport 
scientists 

CONCLUSION  

Sport HFE can be divided into four generations. The first 
generation is dominant by practitioners; the second one is the 
era of engineering; the third one is characterized by co-
existing but independent works of engineers and sport scien-
tists; and the most current generation is an era of close col-
laboration among engineers, sport scientists and practitio-
ners. This trend suggests that as challenges arise from prac-
tice, interdisciplinary alliances should be formed. 



10    The Open Sports Sciences Journal, 2008, Volume 1 G.B. Shan 

REFERENCES  

[1] Shea CH, Wright DL. An introduction to human movement. Bos-

ton: Allyn and Bacon 1997. 
[2] Boff KR. Revolutions and shifting paradigms in human factors & 

ergonomics. Appl Ergon 2006; 37(4): 391-9. 
[3] Knudson DV. Fundamentals of Biomechanics. New York: Springer 

2003. 
[4] Linthorne N. In: Subic A, Ed. Materials in Sports Equipment. 

Cambridge: Woodhead Publishing 2007; (vol. 2): 296-320. 
[5] Julin AL. In: Matthews P, Ed. Athletics 1992: The International 

Track and Field Annual. Windsor: Burlington Publishing 1992; 
125-26. 

[6] Dabnichki P. Biomechanical testing and sport equipment design. 
Sports Eng 1998; 1(2): 93-105. 

[7] Regi-Shoes. Adidas history. [cited from the website of Regi-
Shoes.com, February 21st, 2008]; Available from http://www.regi-

shoes.com/adidas-sneakers-streetwear-bags-11-page-1.html. 
[8] StickShack. Hockey Stick History. [cited from the website of 

StickShack.com, February 26th,2008]; Available from 
http://www.stickshack.com/Hockey-Stick-History.htm. 

[9] Hubbard M, Alaways LW. Optimum release conditions for the new 
rules javelin. Int J Sport Biomech 1987; 3 (3): 207-21.  

[10] Dabnichki P, Avital E. Influence of the position of crew members 
on aerodynamics performance of two-man bobsleigh. J Biomech 

2006; 39: 2733-42. 
[11] Cheong SK, Kang KW, Jeong SK. Evaluation of the mechanical 

performance of golf shafts. Engin Failure Analys 2006; 13: 464-73. 
[12] Wishon TW. The modern guide to golf lubmaking. Newark: Dy-

nacraft Golf Products Inc 1987. 
[13] Jenkins M. Materials in Sports Equipment. Cambridge: Woodhead 

Publishing 2003.  
[14] Hubbard M. The throwing events in track and field. In: Vaughan 

CL Ed. Biomechanics of Sport. Boca Raton: CRC Press 1989; 213-
38. 

[15] De Koning J, Houdijk H, de Groot G, Bobbert M. From biome-
chanical theory to application in top sports: The Klapskate Story. J 

Biomech 2000; 33: 1225-9. 
[16] Bjerklie D. High-tech olympians. Tech Rev 1993; 96(1): 22-30. 

[17] Nigg, B. Footwear research - past, present and future. Keynote 
Lecture of 7th symposium on footwear biomechanics. 2005 July 

27; Cleveland, USA. Case Western Reserve University; 2005. 
[18] Pearsall D, Montgomery D, Rothsching N, Turcotte R. The influ-

ence of stick stiffness on the performance of ice hockey slap shots. 
Sports Eng 1999; 2(1): 3-11. 

[19] Crisco JJ, Greenwald RM, Blume JD, Penna LH. Batting perform-
ance of wood and metal baseball bats. Med Sci Sports Exerc 2002; 

34(10): 675-84. 
[20] Nicholls RL, Miller K, Elliott BC. Numerical analysis of maximal 

bat performance in baseball. J Biomech 2006; 39: 1001-9. 
[21] Pearsall DJ, Turcotte RA, Murphy SD. Biomechanics of ice 

hockey. In: Garrett WE, Kirkendall DT Ed. Exercise and Sport Sci-
ence PA: Lippincott Williams & Wilkins 2000; 675-92. 

[22] Wu TC, Pearsall D, Hodges A, et al. The performance of the ice 
hockey slap and wrist shots: the effects of stick construction and 

player skill. Sports Eng 2003; 6: 31-40. 
[23] Betzler N, Hofmann M, Shan GB, Witte K. Biomechanical model-

ling of a golf swing by means of the multibody-kinetics software 
“ADAMS”. Int J Comput Sci Sport 2006; 5(2): 52-5. 

[24] Nigg BM. Impact forces in running. Curr Opin Orthopedics 1997; 
8: 43-7. 

[25] Nigg BM, Cole GK, Brüggemann GP. Impact forces during heel-
toe running. J Appl Biomech 1995; 11: 407-32. 

[26] Bahill T, Karnavas W. The ideal baseball bat. New Sci 1991; 6: 26- 
31. 

[27] Noble L, Walker H. Baseball bat inertial and vibrational character-
istics and discomfort following ball-bat impacts. J Appl Biomech 

1994; 10: 132-44. 
[28] Weyrich AS, Messier SP, Ruhmann BS, Berry MJ. Effects of bat 

composition, grip firmness, and impact location on postimpact ball 
velocity. Med Sci Sports Exerc 1989; 21: 199-205. 

[29] Choi YC, Hong SI. Mechanical properties and microstructure of 
commercial amorphous golf club heads made of Zr–Ti–Cu–Ni–Be 

bulk metallic glass. Mater Sci Eng A 2007; 449-451: 126-29. 
[30] Hatze H. Impact probability distribution, sweet spot, and the con-

cept of an effective power region in tennis rackets. J Appl Biomech 
1994; 10: 43-50. 

[31] Magill RA. Motor learning: concepts and applications (6th Edition). 

Boston: McGraw Hill 2001. 
[32] Shan G B, Bohn C. Anthropometrical data and coefficients of 

regression related to gender and race. Appl Ergonom 2003; 34: 
327-37. 

[33] Newell KM, Corcos DM. Variability and motor control. Cham-
paign: Human Kinetics 1993. 

[34] Elliott B. Tennis racquet selection: a factor in early skill develop-
ment. Aust J Sport Sci 1981; 1: 23-5. 

[35] Ward T, Groppel JL. Sport implement selection: Can it be based 
upon anthropometric indicators? Motor Skills: Theory into Practice 

1980; 4(2): 103-10. 
[36] Li X, Dunn B, Betzler N, Shan GB. Golfer-club interaction during 

swing and its influences on motor control strategies employed by 
advanced golfers. Proceedings of 24th International Symposium on 

Biomechanics in Sports; 2006 July14-18; Saltzburg, Austria. 
University of Saltzburg; 2006. 

[37] Lomond KV, Turcotte RA, Pearsall DJ. Blade position and orienta-
tion during an ice hockey slap shot. Sports Eng 2007; 10(2): 87-

100. 
[38] IAAF. IAAF Handbook, 2006–2007. Monaco: IAAF 2006. 

[39] Ganslen RV. Mechanics of the Pole Vault. 8th Edition. St Louis 
MO: John Swift 1979. 

[40] Linthorne N. Energy loss in the pole vault take-off and the advan-
tage of the flexible pole. Sports Eng 2000; 3 (4); 205-18. 

[41] Nielson D. Athletics outstanding performer – The vaulting pole. 
webpage of USA Pole Vault Education Initiative 2006; [cited 

January 31
st
 , 2008]; Available from http://www.pvei.com/docu-

ments/Vaulting%20Pole.htm 

[42] Hubbard M. Dynamics of the pole vault. J Biomech 1980; 13 (11): 
965-76. 

[43] Ekevad M, Lundberg B. Simulation of smart pole vaulting. J 
Biomech 1995; 28 (9): 1079-90. 

[44] Chou A. Engineering Methodology in Golf Studies. In: Hung GK, 
Pallis JM, Ed. Biomedical engineering principles in sports New 

York: Kluwer 2004; 29-46. 
[45] Egret CI, Vincent O, Weber J, Dujardin FH, Chollet D. Analysis of 

3D kinematics concerning three different clubs in golf swing. Int J 
Sports Med 2003; 24(6): 465-70. 

[46] Neal R, Abernethy B, Moran M, Parker A. The influence of club 
length and shot distances on the temporal characteristics of the 

swings of expert and novice golfers. In: Cochran A, Ed. Science 
and Golf: Proceedings of the First World Scientific Congress of 

Golf. London: E & FN Spon 1990; 36-42. 
[47] Lindsay DM, Horton JF, Paley RD. Trunk motion of male profes-

sional golfers using two different golf clubs. J Appl Biomech 2002; 
18(4): 366-73. 

[48] Wallace ES, Hubbell JE. The effect of golf club shaft stiffness on 
golf performance variables - implications for club-fitting. Proceed-

ing of Materials & Science in Sports Symposium; 2001 Apr 22-25; 
Coronado Island Marriott Resort, Coronado, California, USA.  

[49] Wallace ES, Hubbell JE, Rogers MJ. Driver shaft length influences 
on posture and swing tempo in skilled golfers. In: Hubbard M, Me-

hta, RD, Pallis JM, Ed. The Engineering of Sport 5 Sheffield: ISEA 
2004; 216-23. 

[50] Cochran AJ. The impact of science and technology on golf equip-
ment – a personal view. Sports Eng 2002; 5: 213-38. 

[51] Cavanagh PR. The running shoe book. Mountain View, CA: An-
derson World Inc 1980. 

[52] Hamill J, Bates BT, Knutzen KM, Sawhill JA. Variations in ground 
reaction force parameters at different running speeds. Hum Mov 

Sci 1983; 2: 47-56. 
[53] Nigg BM, Eberle G, Frei D, Segesser B, Weber B. Bewegungsana-

lyse für Schuhkorrekturen (Movement analysis for shoe correcti-
ons). Medita 1977; 9a: 160-63. 

[54] Clarke TE, Frederick EC, Hamill CL. The effects of shoe design 
parameters on rearfoot control in running. Med Sci Sports Exerc 

1983; 5: 376-81. 
[55] Hamill J, Freedson PS, Boda W, Reichsman F. Effects of shoe type 

on cardiorespiratory responses and rearfoot motion during treadmill 
running. Med Sci Sports Exerc 1988; 20: 515-21. 

[56] Stefanyshyn DJ, Nigg BM. Mechanical energy contribution of the 
metatarsalphalangeal joint to running and sprinting. J Biomech 

1997; 30: 1081-85. 
[57] Williams K. The relationship between mechanical and physiologi-

cal energy estimates. Med Sci Sports Exerc 1985; 17: 317-25. 



Sport Equipment Evaluation and Optimization The Open Sports Sciences Journal, 2008, Volume 1    11 

[58] Nigg BM. The role of impact forces and foot pronation - a new 

paradigm. Clin J Sports Med 2001; 11: 2-9. 
[59] Marino GW. Biomechanical investigations of performance charac-

teristics of various types of ice hockey sticks. Proceedings of the 
16th International Society of Biomechanics in Sport; 1998 July 21-

25; Konstanz, Germany. University of Konstanz; 1998. 
[60] Marino GW, VanNeck C. Static and dynamic characteristics of 

aluminium versus wooden hockey sticks. Proceedings of the 16th 
international society of biomechanics in sport; 1998 July 21-25; 

Konstanz, Germany. University of Konstanz; 1998. 

[61] Roy B, Delisle G. Caractéristiques géométriques et dynamiques des 

bâtons de hockey en regard de leur performance (Geometric and 
dynamic characteristics of hockey sticks and their effect on per-

formance). Can J Appl Sport Sci 1984; 9: 214-19. 

[62] Worobets JT, Fairbairn JC, Stefanyshyn DJ. The influence of shaft 

stiffness on potentional energy and puck speed during wrist and 

slap shots in ice hockey. Sports Eng 2006; 9: 191-200. 

[63] Roy B, Doré R. Dynamic characteristics of hockey sticks and effi-

cacy of shooting in ice hockey. Can J Appl Sport Sci 1979; 4: 1-7. 

 

 
 

Received: April 11, 2008 Revised: April 20, 2008 Accepted: April 21, 2008 

 
© G.B. Shan; Licensee Bentham Open. 

This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/license/by/2.5/), which 

permits unrestrictive use, distribution, and reproduction in any medium, provided the original work is properly cited. 

 

 


