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Figure 3. (Continued )
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the technique used by all participants, but we observed on the video recordings
that participant 6 had a higher drop height because they created a bigger knot
with the rope.

The maximal force measured in aerial hoop was 4.8 BW which represents an
increase of 41% in comparison to a previous study.”> We reported the maximal
value for a movement called “circle around the bar” in which the acrobat, lean-
ing on the bar, does a 360° rotation without losing contact with the bar. In the
current study, the maximal force was generated with a movement called “drop
hip circle to front balance,” which consists of beginning with tempos and per-
forming a backward roll around the bottom half of the hoop to finish in a front
balance position. The “drop hip circle to front balance” is a little more advanced
movement than the “circle around the bar” because it is more dynamic, and
there is a release and catch of the bar. In the previous study, the participants in
aerial hoop did not perform very dynamic movements because they mostly per-
formed contortion figures.*> In aerial silk, the force measured in our study (5.6 BW)
represents an increase of 17% relative to our previous study.’> However, the
silk used was not the same. The silk from Knitrama Fabrics Inc. in our previous
study is known to be more elastic than the one in this study from Beau Fab Inc.,
and a more elastic silk helps absorb loads.

Although there is a tension force in the cables to maintain the verticality of
the Chinese pole and to tighten the cable of the tightwire, maximal force can rise
up to 72% from the pretension force. Pretension and maximal forces depend on
the length of the cable and the preference of the acrobat. If the tightwire distance
is longer, tension force would need to be higher to achieve the same tightness.
Pretension in slackline was found not to exceed 7 kN,** whereas the pretension
in our study was set at 9.1 kN. However, maximal force during vertical falls with
a mass of 58 kg with leash lengths of 2 and 2.5 m was measured at approximately
14 kN in slackline, >4 which is similar to what we measured (15 kN). Two materials
were tested in slackline, high-stretch nylon and low-stretch polyester, which are
much more elastic than steel cable used in tightwire. A spring was inserted in the
setup of the tightwire to absorb forces, as is normally the case, but if there were
no spring, forces would considerably be higher. Professionals are encouraged to
use a spring in tightwire as steel cable does not elongate much. If we consider the
high force generated (15 kN), anchoring points must hold these forces so that the
tightwire is secured. A linear regression was used to find an equivalent vertical
force in BW. The relationship between added mass and tension force was found
to be linear. One limitation is that the maximal mass used to find this relation-
ship was 220 kg, so the relationship above 220 kg is unknown. However, as the
cable is rigid, the overall mechanical system is expected to be linear. With regard
to the Chinese pole, the asymmetry in the setup of the cables was reflected in the
forces. Cable 3, which was isolated on one side, had higher force in pretension,
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maximal force and mean of maximal force compared to cables 1 and 2. Forces
under the pole reached a maximum of 6.3 kN. Riggers should be careful to con-
sider maximal authorized punctual loads of the stage when installing a Chinese
pole as the diameter of a pole creates a very centralized force load.

Flying pole and duo fixed trapeze generated the lowest forces. Flying pole
is a more recently developed circus discipline,®® and the performance is very
different from other aerial disciplines. The fact that the pole is suspended in the
air by one end makes it difficult for the acrobat to jump from it the way they did
in traditional Chinese pole or to do free falls like in the other aerial disciplines.
Given the kind of movements performed in flying pole, it is perhaps more sur-
prising that a force of 4 BW was generated. Even in the bicep to back salto, the
acrobat keeps contact with the pole with their biceps, so there is a support but
not an impulse. Duo fixed trapeze is a very challenging discipline with dynamic
movements. The reason for a low force measured in the cables compared to solo
fixed trapeze is that the base (proximal) was in catcher’s position, that is, they
had the bar in front of their hips, wrapping legs around the outside of the ropes
to create a lock behind their knees. In the catcher’s position, the base was able to
absorb a majority of forces from the flyer (distal). In fact, the force didn’t trans-
mit much to the cables but was instead absorbed by the shoulders of the base.
Future studies may investigate the workload and the workload—-injury relation-
ship of the proximal acrobat.

The reasons to explain the difference in the mean of maximal forces between
participants are not straightforward (Figure 3). Brewin et al.?> highlighted the
importance of the gymnast’s technique and how it would potentially increase or
decrease the peak force at the shoulders during backward long-swing in rings.
Brewin et al.*> claimed that if a gymnast uses a less proficient technique, they
typically experience larger peak forces. In this study, almost all movements and
disciplines apparatus showed a number of statistically significant inter-partici-
pant differences in cable loading. These between-participant variations may be
attributed to underlying individual differences in body mechanics (strength,
flexibility, coordination, smoothness, sequence of joint movements, technique,
etc.) and demonstrate the potential benefits of including a larger number of par-
ticipants in future circus studies. Future research could include kinematics to
examine other factors that may influence forces in circus apparatuses.

The present study provided novel and valuable information, but a few lim-
itations should be noted. Even though the current study used a small sample size
per circus disciplines, the variety of movements recorded may be large enough to
be representative of each discipline. Future research involving more repetitions
per acrobat may generate more information on selected movements. It should be
noted that the findings of this study cannot be expected to describe force produc-
tion in acrobat of all levels or all sizes. We selected experienced artists who are
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professionals or students from professional circus schools. In addition, this study
did not address the ability of the musculoskeletal system to absorb energy upon
impact or to generate high forces, even though muscular activity may modify
forces. The data recorded does not necessarily represent the forces the acrobat is
subjected to, but the knowledge of their magnitude could be valuable to assess
the risk of injury, to adapt the training and to provide a safe environment.

Requiring acrobats to perform on inappropriate circus equipment, rigging
equipment or structure may have safety implications. Design factor,47:1819
dynamic factor'> or safety factor2>222 should reflect the real value of the force
generated by the acrobat. Furthermore, the fact that there were statistical differ-
ences in dynamic loading as exhibited by many of the participants within many
movements of the disciplines suggests that a larger sample size would permit to
measure an even wider range in dynamic loading.

Conclusion

In summary, this is the first time that forces exerted in circus equipment are
documented in swinging trapeze, duo fixed trapeze, solo fixed trapeze, Chinese
pole and flying pole disciplines. Maximal forces were 4.8 BW in aerial hoop, 7.3 BW
in aerial rope, 5.6 BW in aerial silk, 4.0 BW in flying pole, 5.6 BW in swinging
trapeze, 6.8 BW in solo fixed trapeze and 2.5 BW in duo fixed trapeze. The max-
imal forces of 15 and 2.8 kN were recorded in the cable of the tightwire and in
one of the cables of the Chinese pole with pretension forces of 9.1 and 1.9 kN,
respectively. Ultimately, this wealth of information could be used as the basis for
a recommended maximum user weight for each of the pieces of apparatus. It can
help riggers and designers to make safe decisions when utilizing and fabricat-
ing circus equipment, as the ones presented in this study. However, riggers and
designers should adapt their decisions to their situations, since each installation,
performance and acrobat is unique. In addition, professionals need to be sure
that the structure of the building can adequately support these forces. Quantifi-
cation of maximal forces exerted in circus apparatuses involving high-level acro-
batics potentially gives coaches and acrobats the knowledge of the performance
skills and may help to develop training goals. Future research should focus on
the relationship between technique through kinematics and peak forces.
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Appendix 1—Circus apparatuses and equipment used for the
data collection

The apparatuses were from the National Circus School. The trapezes, aerial hoop,
Chinese pole, flying pole and tightwire were custom-made, whereas the aerial
silk and rope were bought from circus equipment suppliers. The trapezes were
made of a solid stainless-steel bar that was 2.2 cm in diameter and 87 cm, 73 cm
and 1.25 m in length, for the swinging trapeze, the solo fixed trapeze, and the duo
fixed trapeze disciplines, respectively. The trapezes were suspended by 2 wire
ropes 4.8 mm in diameter. The wire rope was braided in cotton rope to avoid any
potential injury to the artists” hands. The length of the cables in swinging trapeze
is crucial for the timing in performance; therefore, the cables were shortened to
3.77 m to place the load cells and have the adequate total length (Figure 1). The bar
was taped so that the artist does not touch the metal. Additional weights of 5.4 kg
were mounted at each end of the bar for higher stability. A coach specialized in
swinging trapeze from the National Circus School operated the safety system. The
acrobat was attached to the system via a “twisting belt” (a belt that allows twist-
ing movement) that was connected to a rope called the tether. The tether passed
through pulleys on the crane bar and the ceiling (Figure 1A) so that the coach can
attempt to assist or stop the movement of the acrobat by exerting a load on the
tether in the case of a missed movement. The solo and duo fixed trapeze did not
require the safety tether, but a high mattress was placed underneath to ensure
safety. The aerial hoop had a circle diameter of 95.3 cm and was made of a bent
solid stainless-steel bar 2.3 cm in diameter. Similar to trapezes, it was attached by
wire rope braid in cotton rope, and the bar was taped. The aerial silk was a 9.14-m
piece of nylon fabric folded in half along the width (Beau Fab Inc., Montreal, Can-
ada). The aerial rope was made of cotton 3 cm in diameter and 10 m in length with
a cotton cover (Circus Concept, Sherbrooke, Canada). The Chinese pole was made
of a steel pipe 6.1 m in length and 4.8 cm in diameter, covered with neoprene fused
to the pipe to improve grip. Chinese poles are normally held by 3 cables spaced
equally in a circle around the pole; in our case, the 3 cables were not spaced equally
due to space limitations (Figure 1). Short ratchet straps were placed on the cables
to adjust the tension of the cables. Tension was set by the riggers (circus techni-
cians) of the National Circus School as they usually do. The tension balances the
static forces on the pole to put it vertically. Flying pole consisted of a suspended
steel pipe 4.9 m in length and 4.1 cm in diameter, also covered in neoprene. Tight-
wire was composed of a non-rotating steel cable of 1.3 cm diameter. Tension was
acquired with a tirfor which is a manual cable puller (Tirfor, Tractel®, Montreal,
Canada), and a spring on the cable allowed a better absorption of impacts. One
participant also performed a few movements of higher technical difficulty on a
lower tightwire, 55 cm high instead of 1.15 m in Figure 1, for safety reasons.
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Appendix 2—Test protocol and calculation of the equivalent
vertical force in tightwire

To determine a force, equivalent to the vertical force generated by the acrobat
in tightwire, a static test was carried out. Weightlifting disks were suspended
progressively at both foot locations of the cable, in the middle and at two-thirds
of the length, where acrobats performed the movements. The masses produced
incremental loads up to a maximum of 220 kg, while the load cell recorded the
equivalent tension force in the cable. The relationship between the force recorded
in the cable and the vertical loads was found to be linear on the basis of 5 points
(R*=0.99). A linear regression relationship was then used to calculate the vertical
force data as a function of the force in the cable to find the equivalent maximum
force generated by acrobats.
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