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petitive advantage, and offer a relatively 
lower-risk testing environment com-
pared to medical or aeronautical mar-
kets, for example.

In addition, while regulatory bod-
ies set guidelines or standards for use 
of technology in sports competitions, 
those rulings often are reactions to new 
developments rather than in anticipation 
of potential innovations. For instance, 
Speedo’s LZR Racer swimsuit, which 
debuted at the Beijing 2008 Summer  
Olympics, featured a lining with thin yet 
stiff polyurethane panels that reduced 
skin friction drag by 24% compared to 
the company’s previous racing suit fab-
ric.15 The swimsuit improved swimmers’ 
performance and speed so much that 
98% of swimming medals won at the 
2008 Olympics were by swimmers wear-
ing the LZR Racer. The suit was so fast 
that some claimed it amounted to “tech-
nological doping,” and by 2010 the LZR 
Racer and similar types of suits were 
banned by the international body that 
regulates competition in water sports.

Yet unless regulations ban or exclude 
certain technologies—and there often 
is not a precedent to do so until that 
technology debuts on the market—the 
world of sports is usually wide open to 
innovation, creating a ripe environment 
for new materials.

For example, Grafren’s nano-engi-
neering process wraps graphene flakes 

precisely around individual fibers of 
a textile, allowing control of the gra-
phene layer’s thickness. Because every 
fiber is coated with a thin layer of gra-
phene, the overall weight and poros-
ity of the textile changes very little, 
making it ideal for sports apparel that 
needs to be breathable.

The first step of Grafren’s three-step 
process is infiltrating graphene into 
the fiber. “We learned how to put the 
flakes inside, in the depth of the fiber,” 
Khranovskyy says. “The second step in 
the process was how to fix the flakes on 
every single fiber, so that they lay down 
on the fiber.”

Grafren’s technique causes the gra-
phene flakes to wrap around the textile 
fiber, bonding individually to the fibers. 
“It involves both physical forces, weak 
van der Waals forces, but also depending 
on the material, much stronger chemical 
bonds as well,” Khranovskyy says.

The final step builds up the depth 
of graphene flakes on the fibers. 
“That’s what I called graphene mâché, 
in analogy to papier mâché. Every flake 
coming in surrounds the fiber more 
and more, so you actually have a core–
shell structure around the fiber.” The 
graphene flakes overlap one another, 
creating a dense yet thin coating on 
individual fibers.

Grafren’s water-based process does 
not use any binders, resulting in 

homogeneous, precise, and durable 
graphene coating of individual textile 
fibers. And the process can be applied 
to natural fibers like cotton, synthetic 
fibers like polyamide, and even glass 
and carbon fibers. 

Further, Grafren’s fiber-coating 
process can be applied to other 2D 
materials, Khranovskyy says, noting that 
Grafren already filed a patent related 
to this technology. “Those ideas which 
researchers are discussing on flat surfac-
es, they can be realized inside of fabric 
on individual fibers as well,” he says.

Because of graphene’s conductivity, 
Grafren’s coated fabrics offer several 
functional capabilities. The fabrics can 
collect signals from the body to act as a 
biomonitor or biosensor; they provide 
thermal management, either removing 
or providing heat to an athlete depend-
ing on the surrounding conditions; they 
can function as a strain sensor if the gra-
phene is coated onto a stretchable fabric 
(so that stretching changes conductivity); 
and they can function as pressure sen-
sors or impact sensors by creating an 
electrically conductive channel from sev-
eral fibers grouped together.

“Imagine shoes—the soles could 
measure pressure. The more points you 
have, you can actually measure pres-
sure distribution” Khranovskyy says. 
“The shoe could also measure the force 
when you kick a ball. Or consider box-
ing gloves that could measure pressure. 
So any textile, any fabric, any clothing 
which is in contract may be active and 
may provide a signal about the force and 
the place where it was applied.”

In addition to performance, such 
sensors could play an important role 
in athlete safety as well. “If we imagine 
any type of a sport activity where we 
have helmets, then the pressure sen-
sors can be simply integrated in the 
lining,” Khranovskyy says. Helmet-
affixed sensors could provide valuable 
information for assessing player inju-
ries, such as the strength of the hit, 
the area of the head where the impact 
was localized, and when the athlete 
gets up from the impact.

Khranovskyy says that one of the big-
gest challenges Grafren faces is the vast 
possibilities for graphene-coated fibers—
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Figure 3. Graphene-coated textile produced at lab scale by Grafren, which has now 
mastered industrial scale at 200 cm roll-to-roll. 
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just deciding which direction to pursue 
can be difficult.

“From our experience, graphene 
provides several functions to textiles, 
which enable 10 times more directions 
of further product development, and 
the amount of products is even 10 times 
more.” Grafren works with its customers 
to tailor its graphene-coated textiles to a 
particular application.

“For every product the value may be 
different. So in order to commercialize 
it, we have to really identify what is it 
exactly customers would like to enable,” 
Khranovskyy says.

A potential direction that Grafren 
currently is working on with one its cus-
tomers is to develop heatable clothing. 
The company already developed a func-
tioning prototype of its graphene-coated 
heated textile—although it looks nearly 
indistinguishable from a standard ath-
letic textile, the fabric is coated with 
graphene and incorporates conductive 
threads running throughout the fibers 
that, with the press of a button on a 
connected energy source, gently warm 
the fabric.

Such fabrics have applications for 
athletes in cold environments but 
also could provide warming at specific 
locations for therapeutic purposes, to 
enhance athletic recovery.

Thermal management is a hot topic 
in sports apparel, with other similar 
types of developments using fabrics 
coated with carbon fibers or incorpo-
rating ceramic nanoparticles to warm 
or cool athletes depending on the sur-
rounding environment.16

Grafren’s conductive textiles demon-
strate just one possible application of 
graphene in sports, for which there is 
diverse potential due to the material’s 
long list of desirable properties.

The Graphene Flagship, a joint 
research venture funded by the 
European Commission, already helped 
develop several other sports-related 
applications of graphene, including an 
impact-resistant graphene-coated motor-
cycle helmet,17 a transdermal patch to 
monitor fitness using graphene optical 
sensors, 18 and a graphene-based lubri-
cant for auto and motorcycle engines.19

Sensing the future: Optimizing perfor-
mance and enhancing safety

Sports equipment was once designed 
solely for mechanical performance, but 
advanced materials offer new design 
freedoms and thus new functionalities 
to change how sports are played, experi-
enced, and enjoyed.

“Now, within the past decade or so, 
we’re starting to get multifunctional-
ity, so the materials offer say thermal 
control or odor control, or they’re able 
to sense things like the pH of your 
sweat or your heartbeat. And that’s an 
area really where ceramics and glasses 
can play an important role and already 
do in sports,” says Jud Ready, princi-
pal research engineer at Georgia Tech 
Research Institute, deputy director of 
innovation initiatives at the Institute 
for Materials, and adjunct professor in 
the School of Materials Science and 
Engineering at Georgia Institute of 
Technology. Ready teaches a popular 
Georgia Tech course on materials sci-
ence and engineering in sports. 

The power of sensors is that they 
provide physical data about how athletes 
play sports, to inform sports strategy and 
improve safety, as well as physiological 
data about how athletes’ bodies function 
during and after athletic exertion, to 
enhance performance. While vast sen-
sors and sensing technologies are already 
widely incorporated into motorsports—
such as ceramic oxygen sensors in motor 
engines—technological developments 
have more recently enabled biosensors 
and biomonitors to track a vast array of 
individual parameters of athletes as they 
practice, compete, and recover.

Devices that monitor physical per-
formance and safety collect data on an 
athlete’s position, motion, impact, and 
biomechanical forces. These devices 
include wearable devices to monitor 
head injuries in contact sports to prevent 
concussion or traumatic brain injury, 
such as helmets, headbands, caps, or 
neck-worn collars.

For example, several companies 
developed mouthguards with embedded 
sensors to monitor head impacts. One 
such device contains embedded sensors 
that detect collision intensity, providing 
a visual readout with front-facing LED 

lights that can alert trainers and coaches 
about dangerous impacts. Other devel-
opments include wearable sensors to 
monitor joint mechanics during play as a 
means to prevent injury.20

Other sensing devices monitor ath-
letes’ physiological status to optimize per-
formance, collecting data on parameters 
such as heart rate and sleep. Optical sen-
sors to monitor heart rate are relatively 
well-established technologies, with new 
trends toward development of skin-worn 
patches as well as integrated textiles 
that can measure heart rate. Yet while 
heart rate provides a global measure of 
physical activity and exertion, it cannot 
provide information on the response in 
specific muscles—data that is important 
for professional athletes seeking to opti-
mize their performance.

In response, an emerging trend is 
monitoring muscle oxygen saturation 
to inform how specific muscle groups 
respond to activity, using optical technol-
ogies to measure oxygenation of blood 
in muscles with near-infrared light.20

While more widely available wearable 
sensors currently measure these physical 
and physiological parameters, there also 
exists vast potential to monitor biochem-
ical parameters that affect athletes’ per-
formance, and many sensors are being 
developed in this space as well.

Such devices can sample sweat or sali-
va to measure biochemical signals such 
as electrolytes, enzymes, and neurochem-
icals, providing a means to noninvasively 
monitor health and performance in real 
time. These types of biosensors include 
mouthguards that detect chemicals in 
saliva that indicate muscle fatigue, con-
tact lens sensors for ocular diagnostics, 
or skin-based sensors to monitor neuro-
chemical markers of stress in sweat.

Biochemical sports sensors also offer 
corollary functions within medical diag-
nostics, and some of these sensors are 
adapted from existing medical technolo-
gies. For example, healthcare company 
Abbott (Chicago, Ill.) developed a com-
mercial wearable continuous glucose mon-
itor for athletes. Applied to an athlete’s 
arm, the small wearable device, called 
Libre Sense, uses a thin filament inserted 
just under the skin to measure glucose lev-
els in the fluid surrounding cells.
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“The biosensor is designed to provide 
a glucose monitoring experience that will 
enable athletes to understand the efficacy 
of their nutrition choices during training 
and competition,” according to com-
pany’s website.21

The device is similar to that used by 
diabetics, but it is tailored to athletes 
by providing more frequent minute-by-
minute glucose readings. “It will therefore 
inform athletes about how to fuel appro-
priately, to fill their glycogen stores prior 
to a race and to know when to replenish 
during a race to maintain athletic perfor-
mance,” the company’s website explains.

Conversely, technologies developed 
to monitor athletic parameters are often 
not confined to sports contexts, as these 
innovations can extend into markets and 
aspects of life beyond sports as well. For 
example, innovations in sensor technolo-
gies to track athletes often can be adapt-
ed to monitor or manage health aspects 
in a medical context, providing much 

wider value to these technologies.
That is something Grafren CEO Erik 

Khranovskyy recognizes for its graphene-
coated textile sensor technologies. “So 
all the sensors which I described, they 
can bring a lot of value to one athlete 
and one nation once per four years,” he 
says. “On the other hand, they can bring 
a lot of value to millions of people on a 
longer-term perspective.”

Despite the technological capability 
to measure and collect such rich data, 
however, interpretation to the athlete 
often lags behind. For instance, in the 
case of Abbott’s Libre Sense, blood sugar 
and performance have a complicated 
relationship—low blood sugar levels do 
not necessarily mean performance will 
suffer, and conversely elevated blood 
sugar levels will not ensure maximum 
athletic performance, especially in high-
functioning endurance athletes. These 
parameters are variable with time, exer-
tion, and athlete, so interpretation of 

the data is nuanced. More extensive 
datasets and further data analyses are 
needed to improve data interpretation to 
an athlete’s performance.22

Despite the lag in data interpreta-
tion, the possibility to track and collect 
such rich data for athletic performance 
will continue to push development of 
all kinds of sensors across the sports 
industry in the future. These trends 
offer significant potential for the ceramic 
and glass components that enable these 
sensors, monitors, and electronic compo-
nents with the lucrative sports industry.

Similarly, many wearable devices and 
sensors require a power source, another 
area that offers significant potential for 
ceramic and glass materials in the future 
of the sports industry. The continued 
push for batteries with higher power 
density that offer longer life in smaller 
form, allowing smaller devices that can 
provide more functionality, provides 
opportunity for innovation with new 

The global COVID-19 pandemic has affected 
businesses around the world, disrupting supply 
chains for seemingly everything and drastically 
impacting the workforce. Not surprisingly, the 
world of sports was not spared.

Cancellation of major sports events in early 
2020 were some of the earliest indications to 
many people of just how serious the pandemic 
was, as trends within sports often reflect larger 
trends in society. Gyms and fitness centers 
closed, entire sports seasons were missed, and 
perhaps most telling, the Tokyo 2020 Olympic 
Games were postponed until 2021.

While the cancellations, closures, and post-
ponements had a negative economic impact on 
the sports industry, the pandemic’s effects on 
sports were not all negative.

“If you would have asked me 18 months ago, 
pre-COVID, the tennis business was strug-
gling,” says Jeff Bardsley, Head’s vice presi-
dent of marketing for racquet sports for North 
America. “Participation was down, people 
were playing other sports, people weren’t 
engaged in sports, period. I think all sports for 
the most part were struggling.”

The pandemic shifted that dynamic for many 
sports as people worldwide increasingly turned 
to sports and outdoor activities for physical as 
well as mental health benefits. That state-
ment is particularly true for sports that offer 
the ability to play while maintaining social 
distance—games like golf, tennis, and disc golf 
saw increased participation and market value 
as a result of the pandemic.

In the U.S., golf experienced a 2% increase 
in the number of individuals playing at least 
one round of golf in 2020 compared to 2019, 
the largest increase in the game in nearly two 
decades. And this participation is not limited to 
only seasoned players pulling their clubs out of 
the closet, according to a CNBC report.a “‘New 
participants are increasingly younger; they’re 
hooked on the game and they want to get 
better,’ David Maher, CEO of golf conglomer-
ate Acushnet Holdings, said on the company’s 
second-quarter earnings call with analysts in 
August. ‘A lot of the energy is coming from avid 
dedicated players who are simply playing more 
and consistently; more juniors, more women, 
more younger [players], and more families.’”

For golf, that increased enthusiasm for the sport 
translated to manufacturers and retailers as 
well—Acushnet, the company that owns popu-
lar golf brands Titleist and FootJoy, reported 
117.1% growth in net sales in the U.S. in the 
second quarter of 2021. Golf brand Callaway 
and sporting goods store Dick’s also noted 
growth in golf sales.a

Tennis also saw pandemic-fueled gains, with 
participation rising 22% in the U.S. in 2020 
compared to 2019.b Bardsley says Head has 
had difficulty keeping up with the surge in 
demand. “We have struggled over the last 18 
months to try and keep product on shelves. 
We’re the largest producer of tennis balls in the 
world, and we can’t supply our retailers in the 
U.S., North America, globally with tennis balls.”

Bardsley is hopeful that the increased interest 
will not wane with the pandemic. “From the 
trends that we’ve seen so far in sporting goods 
sales, I definitely perceive that as an upward 
trend… In my 29 years in business, I’ve never 
ever seen anything like this—so I’m hopeful for 
the sport.” 100

PLAYING THROUGH A GLOBAL PANDEMIC

aCNBC, “Golf’s growth in popularity is much bigger than a pandemic story,” September 26, 2021, CNBC. https://www.cnbc.com/2021/09/26/callaway-dicks-sporting-
goods-score-with-growth-of-golf.html
bM. Futterman, B. Pennington, “The pandemic drove people to tennis and golf. Will they keep playing?” March 11, 2021, New York Times. https://www.nytimes.
com/2021/03/11/sports/tennis/tennis-golf-participation-pandemic.html
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materials. For example, the Whoop fit-
ness tracker is powered by a slim yet 
high-density battery that continuously 
monitors heart rate, sleep, recovery, and 
more. The battery gets a boost from 
technology by Sila, a company that 
developed a silicon powder that replaces 
conventional graphite anodes with 
higher-density silicon anodes, offering up 
to 20% higher energy density.23 Other 
batteries technologies and developments 
are sure to find their way into wearable 
sports sensors as well.

Yet another possibility could be 
ditching the power source altogether, 
and instead leaning on self-powered 
piezoelectric materials to provide 
power to wearables and sensors, as the 
ability to convert mechanical energy 
to electrical energy is well-suited for 
sports contexts. While the heyday for 
incorporating piezoelectric fibers into 
sports equipment—which included not 
only Head’s Intelligence tennis rack-
ets, but also various skis, snowboards, 
mountain bicycles, baseball bats, and 
golf clubs—seems to have passed (as 
this equipment often relied more heav-
ily on marketing rather than enhanced 
performance to sell piezoelectrics’ pos-
sibilities24), new future potential for 
the materials might be found in the 
ability to power sports sensors.

Fans get in the game
Beyond enhancing athletic perfor-

mance and improving safety, sensors 
offer another function that is likely to 
be significant in the future of sports—the 
fan experience.

“You can use that same data that 
you’re collecting to measure athletic 
performance, health, wellness and pre-
vention, to create an immersive fans’ 
experience,” says Leslie Saxon, professor 
of medicine and executive director of 
the University of Southern California’s 
Center for Body Computing, in a BBC 
News article.25 “What if I record my 
own heart rate while watching my favor-
ite football player play, looked at my 
response and compare it to his response 
on the field?”

Digital technologies to enhance fan 
engagement experienced a significant 
boost since the start of the COVID-19 

pandemic, as health and safety precau-
tions shifted in-person experience of 
sports events to virtual platforms (see 
sidebar: Playing through a global pandemic). 
Continued investments in the infrastruc-
ture to support streaming platforms, 
digital content, and even augmented and 
virtual reality experiences will continue 
moving the trend forward, incorporating 
the data provided by athlete-worn bio-
sensors to further engage fans.

“As this technology matures, there will 
be more and more biosensors out there,” 
Saxon says in the article. “It is truly the 
next frontier in sports and technology.”

Ensuring fair play
As technology continues to play an 

increasing role in sports, moral questions 
begin to arise. One long-standing ques-
tion involves equity in access, as expen-
sive technologies introduce disparities 
between those who can afford the devices 
and those who cannot. Yet another quan-
dary surrounds the potential for technolo-
gies to extend beyond simply sensing and 
instead offer functional improvements to 
athletic performance.

“What about if there’s an opportunity 
to make an implant on your bone that 
could make it more structurally sound 
so you could run further, or it’s a piezo-
electric sensor that measures the stress 
in the bone?” says Ready. “Maybe that’s 
bad to use in competition because it’s 
giving feedback that you can actively use 
in competition, but maybe it’s useful 
during rehabilitation—so is it okay in 
one scenario and not in the other?”

The line between where materials 
enhance athletic performance and where 
materials provide an unfair advantage or 
artificially exaggerate human capabilities 
is colored in various shades of gray. And 
it is often difficult to discern or quantify 
just how much advantage a technology 
might provide to an athlete, further com-
plicating the picture.

Yet Ready suggests that sports are 
based on advantage and competition. 
“That’s the whole point of sports—
you’re trying to prove that you’re bet-
ter than somebody else,” Ready says. 
Technologies provide means to improve 
the game, and as long as they follow the 
rules, innovation is fair game. “That is, 
I think, what materials science tries to 
do, is to give you an unfair competitive 
advantage. But we do it in a rules-com-
pliant way, whether that rule does not 
yet exist, and therefore we’re in compli-
ance with it, or because we go right up 
to the boundary,” he says.

So what does the future of sports 
look like? Despite debates about the 
fairness of new technologies, materials 
science offers the ability to enhance and 
improve existing aspects of sports as well 
as innovate in new and sometimes unex-
pected ways. Technology will continue to 
infiltrate sports, in some ways enhancing 
athletic performance and improving the 
safety and fan experience of the game. 
Athletes, enabled by technology, will 
continue to get better, setting new world 
records—and those feats of athleticism 
will be backed by materials science. 100

American professional golfer Bryson DeChambeau, above, uses graphite shafts made 
from carbon fi ber in all his clubs. His choice contrasts with other professional golfers, 
who generally only use graphite shafts in their driver and other wood-type clubs. 
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