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PARA EQUIPMENT - The problem

The equipment is fixed within each Para class and
not at all customized to the individual abilities,
movement envelopes and parameters.

... S0 less than optimal in terms of performance and
“fit”, both in races and during training
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PARA EQUIPMENT - The solution

Step 1

Combining quantitative experiments to
find a better master position (needs
invention of new sensors and test rigs)

Step 2

Followed by fast iterative improvements
together with the athletes using Human-
Centred Design (HCD), modern CAD and

additive manufacturing technologies.
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Ergo, NEW TOOLS



mailto:sindre.w.eikevag@ntnu.no
mailto:martin.steinert@ntnu.no

PARA EQUIPMENT — Approach

1. Observe and compare Para athletes to able bodied athletes with focus on
movement envelope

Hunter-Gratherer Model

2. Spot potential dimensions for improvement
3. Run fast prototypes and experiments
4. Create/lnvent Experiment setup and necessary measurements and sensors

5. Run quantitative controlled experiment

6. 2> new master geometry

7. Run multiple iterative improvement rounds with athletes to
customize the design (low end material)

8. Redesign in CAD, potential for topology optimization

9. Build high end version (3D printing of high-end material)

10. =  athlete is performing better, can train more and has
less injuries ... might even be a bit happier and more
motivated
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Prototyping, testing and iterating cost-effective
iInto an optimal design

* Prototyping testing
equipment

Finish

- Make iterations and ¢
generate learning

* Prototypes should be fast

and simple
[1] S. W. Eikevag, A. Kvam, M. K. Bjglseth, J. F. Erichsen, and M. Steinert, “DESIGNING AN EXPERIMENT FOR EVALUATING SEATING POSITIONS IN
PARALYMPIC ROWING,” Proceedings of the Design Society: DESIGN Conference, vol. 1, pp. 2485-2494, May 2020, doi: 10.1017/dsd.2020.101.
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DESIGNING AN EXPERIMENT FOR EVALUATING o
SEATING POSITIONS IN PARALYMPIC ROWING

« Spot potential dimensions
for improvement

» Generate adjustment

possibilities able to create a Figure 4. Position 1
performance map for eaCh Positlionl Positlionz PositlionS
specific athlete m————— —— ————
- min min min min min min min min min
sow []7ow ["|9ow [|sow [7|7ow ["|oow [T[sow [7| 70w ["] sow
=+ 1 minute break ' Measurement of blood lactate, heart rate and stroke rate
[1] S. W. Eikevag, A. Kvam, M. K. Bjglseth, J. F. Erichsen, and M. Steinert, “DESIGNING
AN EXPERIMENT FOR EVALUATING SEATING POSITIONS IN PARALYMPIC ROWING,”

Proceedings of the Design Society: DESIGN Conference, vol. 1, pp. 2485-2494, May 2020,
doi: 10.1017/dsd.2020.101.
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[1] S. W. Eikevag, A. Kvam, M. K. Bjglseth, J. F. Erichsen, and M. Steinert, “DESIGNING AN EXPERIMENT FOR EVALUATING SEATING POSITIONS IN
PARALYMPIC ROWING,” Proceedings of the Design Society: DESIGN Conference, vol. 1, pp. 2485-2494, May 2020, doi: 10.1017/dsd.2020.101.
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Case Report: Adjusting Seat and Backrest Angle
Improves Performance in an Elite Paralympic Rower

Experimental Procedure

10 min Warm-U _| 4 min g 4 min 4 min 4 min 2 4 min
. - | 100w 100 W 100 W 100 W 100 W

| [ w w

Blood lactate and Rate of perceived z : : > E
I ti Il breathi | 4 min P 4 min P 4 min - 4 min & 4 min
exertion (overall, breathing, muscular) 100 W 100 W 100 W 100 W 100 W
Continuous heart rate measurements I
(from start to end of data collection)
VO, + movement + force during the ". 3 : - -
periods marked in green 4 min s 4 min > 4 min Ly 4 min > 4 min
100 W 100 W 100 W 100 W 100 W
==p 1-2 minute break 1 1 [

Figure 6. Experimental procedure for the first day of testing.

[3] A. C. Severin et al., “Case Report: Adjusting Seat and Backrest Angle Improves
Performance in an Elite Paralympic Rower,” Front. Sports Act. Living, vol. 3, 2021, doi:
10.3389/fspor.2021.625656.
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Table 8: Physical strain data noted by the athlete after low-power tests, on the Borg scale, from
6 to 20. The positions further investigated are highlighted in yellow.
I8 CX EY EX BYgmm CY EZ DZpg#8 CZ BX BZ AY AZ

Muscular B 11 10 10 13 gmmss 12 13 13 gmEm 13 13 13 15 14
Ventilation i 10 10 10 11 g 12 12 11 gmmm 11 11 10 14 11
General B 11 10 10 12 g 12 12 12wl 12 12 12 15 12

G - @ NTNU



mailto:sindre.w.eikevag@ntnu.no
mailto:martin.steinert@ntnu.no

600 -

SUBMAX

500 -

400 -

Force (N)
w
o
(=]

200 -

100 -

0

— |

L N n
o] 20 40 60

80

100

600 -

400 -

300 |-

100 -

0

MAX

3]

: Performance

conA conB conC

1\

A. C. Severin et al., “Case Report: Adjusting Seat and Backrest Angle Improves
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Table 6: Physical strain data noted by the athlete after high-power tests, on the Borg scale from

6to 20
DY DX AX
Target
80W 100W All-out | 80W 100W All-out | 8OW 100W All-out

Power

Muscular 9 12 20 11 13 20 14 15 19
Ventilation 9 11 19 9 11 18 11 12 17
General 11 20 10 12 19 12 14 19

v
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A Seat Back Angles (degrees of vertical axis)
A -5 degrees (control)

B — 15 degrees

C—20 degrees

D — 25 degrees

E—30 degrees

Experiment 2 ‘

* Sub-max 100W 4min testing of 15 positions
* All-out test of Old position, and top two positions
from all-out testing

Seat angles (degrees off horizontal axis)
X -0 degrees (control)

Y -7,5 degrees

Z—15 degrees

200 165

150
=
goo

50
0

AX (Old position) mDX mDY
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Anisotropic properties in fused filament fabrication based on current literature

(A) Hardware selection and processing.

(B) Interlayer bonding.

(C) Raster angle and in layer thermal fusion.

(D) Fiber orientation by acceleration, nozzle path and randomness
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IKEA cabinets for a better tomorrow!
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Heatflow

LTG Layer temperature and correlating material
properties from differential scanning calorimeter.

—— LTG = 6s
— TG = 8s
—— LTG = 10s
— TG =12s
150 200 250 300 350

Temperature [°C]

Temperature [°C]

Table 1. Key values extracted from the DSC analysis of different LTG samples.

LTG [s] AHq, [V/g] T, [°C] Tw [°C] Tue [°C]
6 338 [163.7 [339.6 286.5
8 31.9 162.1 339.3 285.1
10 375 161.4 339.9 284.0
12 344 [ 158.9 |339.2 283.4

PET -
S PET =
PET -
— PET-

TG 6s
UG 8s
TG 10s
TG 12s

Layer

(A) Filtered layer temperatures when
dispositioning new material at different
layer time goals. (B to E) layer
temperatures of the different LTG
specimens though out the geometry. (F
to G) Temperature readings at different
nozzle positions and applied filter.
Green area provides the temperatures
presented in (A). (H) Heat flow
through material acquired from
differential scanning calorimetry
(DSC) analysis. The top four graphs
depicting the heating run, and the
bottom four depicting the cooling run.
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Prototyping for athlete individual fitment, support and design for performance -

Iterations by 3D printing
2h

* No geometric
restrictions compared to oh
traditional production
methods

*  Maximum 5 hours lead
time per component

+  Equipment tailored per
individual athlete

PO R |

scanning 2) topology 12 minutes each

optimalization 3)
. . [6] Sindre .W. Eikevag, Martin Steinert., PR1 indoor rowing world record and 3D printing of high-
generatwe deSlgn performance polymers — Prototyping and customizing high-end Paralympic equipment., VISTA
2021 Conference

* Possibilities for 1)
implemented 3D
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And make many many more prototypes
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Curved(C) 15-45° Optimized(B) 25° Baseline (A) 5°

a5

Optimized 7,5° for
forward motion and
Power generating support
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PR1 indoor rowing world record and 3D printing of high-performance polymers-
Prototyping and customizing high-end Paralympic equipment

Sindre W. Eikevag, Martin Steinert

Department of Mechanical and Industrial Engineering, Norwegian University of Science and Technology, Trondheim, Norway

Introduction

In Paralympic sports at the highest-level, equipment design is
crucial [1]. Prototyping and trails, modifications and, at best,
customizations are often necessary to allow for individual peak
performance/injury prevention. Today’s materials of choice such
as vacuum assisted resin infusion of carbon fiber or CNC milled

aluminum usually do not allow for intensive prototyping. Recently

new high-performance polymers [2] have been made available for
3D printing using fused filament fabrication (FFF). This
technology allows for fast prototyping, testing, redesign, and
customized high-end manufacturing together with the athlete to
build truly fitting equipment, that cater each individual case.

Method

Equipment design for a world class Paralympic rower was
developed. First designed in CAD (Computer Aided Design) and
prototyped using FFF, the athlete could test and evaluate multiple
setups, geometries, and body interface iteratively. When working
with top level athletes time is critica access to the athlete is
limited. Long production times thus often prevent iterative
prototyping. By changing to FFF, lead-times can be drastically
decreased, in this case to as short as 5h allowing for significantly
more iterations, leaming, and consequently performance and fit.
The extended prototyping and customization cycle of the
equipment design has had a major impact on the Paralympic
athlete’s performance.

Additive
manufacturing
Prototype

Athlete
testing

Evaluate design

Athlete
interaction, human
centered design

Figure 2 - Product development Iteration cycle

The FFF technology enables additional functions such as 3D
scanning of human interface into components, and topology
optimization for weight reduction. Using cheap and fast
prototypes in PLA with approximately 30MPa tensile strength
and high-performance polymers PA-CF with 105MPa X-Y
material strength and 67,7MPa X-Z layer adhesion with a
density of 1,17g/em?* for final production created the best
combination [2]. PA-CF can not only rival traditional production
materials due to its low weight and strength but allows for novel

designs with no geometric restrictions.

PP

Figure 1 - A selection of different iterations cycles of 3D printed components. The design was changed after results from physical
testing and feedback from the coach and athlete.

eferences:

) Sindre W. Eikevag, Jgrgen Falck Erichsen ,Martin Steinert., Sports equipment design impact on athlete performance ~ The PR1 Paralympic women's indoor
] Eikevag, S.W., Kvam, A, Bjalseth, M.K., Erichsen, J.F., Steinert, M., 2020. DESIGNING AN EXPERIMENT FOR EVALUATING SEATING POSITIONS IN PARALYMPIC ROWING. Proceedings of the Design Society: DESIGN Conference 1, 2485-2494. ht

Result 120
During testing, the final design developed in collaboration with a

top-level athlete increased performance to 186W by 12,7%, with 100
972m distance at 4 minutes all-out [1], before being used at the

Paralympic indoor rowing world championship. The design had 80

radical changed during iterations and is not casily commercially -
available, it did however assist the athlete in achieving a new
women’s PR1 2000m indoor world record of 8.18.5.

Figure 3 - CAD model of the prototype, iterated by 3D printing
high performance polymers

Made

rowing world record., Under review ICEA2022

3] Severin, A.C., Danielsen, J., Falck Erichsen, J., Wold Eikevag, S., Steinert, M., Ettema, G., Baumgart, J.K., 2021. Case Report: Adjusting Seat and Backrest Angle Improves Performance in an Elite Paralympic Rower. Front. Sports Act. Living 3
1) “PolyMideTM PAG-CF.” Polymaker EU. 2020. httos://eu.polymaker.com/product/polymide-pab-cf/ (accessed Nov. 12. 2020).

rolls &

SO 527

[5] PolyMide PAG-CF

Figure 5 - 3D printed PR1 seating assembly used in the world indoor rowing championship.

org/10.1017/dsd 2020 101

£/10.3389/fspor.2021.625656
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N2y Na ;

Heart rate
150 BPM
P13 degree curved | 4 min
-]
80 W
1 [X : [1] Rl [ [ 1 ][5
z 4 min 4 min 4 min 4 min 4 min 4 min 4 min 4 min
- — —>1 |
2minWarm:tip |—1— 100w || All-out sow | | 100w All-Out sow [ | 100w ["| All-Out
—L 1 1 1 1 1 T 1
80 W
— 15 degree curved Measurement of heart rate, stroke rate, BORG scale, I
l [ Length (M) and effect (W)
Heart rate 1-2min Break ——»
143 BPM
30 min break =———p
Curved seatback Straight seatback 25 degrees Original seating position
Warm Up 80W 13deg 80W 15de 100W All-Out 30W 100W All-Out 30w 100W All-Out
Ventriculert na 8 8 12 19 8 12 18 10 15 17
Musculert na 8 8 15 20| 10 14 19 10 15 19
Generelt na 8 8 14 20 9 13 19 10 15 18
Heart rate 139 150 143 157 / 181\ 153 166 189 159 170 186
Stroke rate na 26 28 9 42 28 33 47 35 41 56
Watt 65 80| 80 00 186 82 100 165 81 98 128
Length na 738 735 i 972 741 791 934 736 786 858
[7] Sindre W. Eikevag, Jorgen Fachin Steinert., Sports equipment design impact on athlete

performance — The PR1 Paralympic women's indoor rowing world record., ICEA2022
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Old seating position

All-out 4
minutes:

« 128 Watt
« 858 Meters
56 Stroke rate

[7] Sindre W. Eikevag, Jergen Falck Erichsen ,Martin Steinert., Sports equipment design impact on athlete
performance — The PR1 Paralympic women's indoor rowing world record., ICEA2022
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Optimal flat seatback

All-out 4

minutes:
e 165 Watt
e 934 Meters

47 Stroke rate

[7] Sindre W. Eikevag, Jergen Falck Erichsen ,Martin Steinert., Sports equipment design impact on athlete
performance — The PR1 Paralympic women's indoor rowing world record., ICEA2022
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Curved seatback

[7] Sindre W. Eikevag, Jergen Falck Erichsen ,Martin Steinert., Sports equipment design impact on athlete
performance — The PR1 Paralympic women's indoor rowing world record., ICEA2022

v
JroLLLABS

All-out 4

minutes:
« 186 Watt
e 972 Meters

42 Stroke rate
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Equipment impact on athlete performance — The
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Engineering design for Paralympics success —
Research results

* Increased athlete performance
* Fun and motivating
« Improved technique

* move in a biomechanics “safer” as well
as a more efficient and effective way

« Decreased amount of injury
* Increased training capacity and fitness %

° HCD Paralympic Setup & performance Photo: Torstein Bae / NTB
can not be generalized
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P Nir Birgit
. Skarstein ror for
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denne uken, er det ingeniorer
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