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To date, only limited means exist to provide in situ aerodynamic/hydrodynamic training feedback for running, 

skiing, cycling and water sports such as swimming, canoeing, kayaking, rowing, etc. Current training feedback includes 
GPS/IMU sensors and strain gauges, which measure output in terms of acceleration, velocity and position of the athlete 
or paddle. However, no current technology measures aerodynamic/hydrodynamic force and power directly at the athlete’s 
body or at the propulsive surface, e.g. hand or blade. To address this critical limitation, a novel means to instantaneously 
measure fluid force and power, based on a patent submitted to the USPTO, has been developed for use in elite athletic 
training. The following briefly outlines the state-of-the-art, and then describes some initial results for baseline tests in a 
controlled environment.  
State-of-the-art: A swimmer’s stroke information (such as stroke cadence, stroke count per length, and lap time) is 
currently used to interpret their power in the absence of direct aquatic power meters. This information has traditionally 
been measured with a stopwatch and camera recordings, and more recently, with an accelerometer attached to the 
swimmer’s hand [1-2]. A swimmer’s mean speed can also be estimated with an accelerometer and integrated in parallel 
to a Global Positioning System (GPS) in outdoor environments [3-4]. In other approaches Computational Fluid Dynamics 
(CFD) has been used to calculate propulsive forces on the swimmer’s hand so as to analyze the effects of angles of attack 
using a hand model in steady or accelerating flows [5]. However, such approaches neither provide real-time training 
feedback nor sufficient accuracy as an effective optimization tool. Furthermore, the effects of orientation, steady velocity, 
and immersion depth of a swimmer’s hand on the quasi-steady lift and drag forces have been studied experimentally using 
hand-forearm models [6-7]. In these studies, the quasi-steady forces on a hand were estimated based on three-dimensional 
video analysis. However, a quasi-steady assumption is not necessarily reflective of the realistic conditions found in such 
dynamic motions, and processing a swimmer’s performance with underwater cameras is inefficient and cannot provide 
necessary real-time feedback. Another disadvantage is that a hand’s segments may be hidden in some angles, which 
makes force estimation difficult with a camera-based approach. 

Here we describe a novel approach that provides performance metrics to athletes in situ by directly measuring 
changes in the drag/thrust force and associated power output. Using this methodology, drag can be calculated on cyclists, 
skiers, runners as well as on hands, paddles or blades in a variety of water sports. The drag/thrust and power information 
obtained can then be used to examine the propulsive phase (on hand or paddle blade), and the ratio of propulsive force to 
stroke time. The goal is to be able to use this analysis in order to improve/optimize technique in real-time. After outlining 
the approach and baseline testing, preliminary results in a controlled environment are presented.  
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Figure 1. Experimental setup with: (a) Schematic of the side and front views of the ellipsoidal plate and connection to the towing-tank traverse 
system via an L-shaped sting (note coordinate reference system); (b) Schematic of a section of the towing-tank facility filled with water 
with the ellipsoidal plate installed inside showing the direction of motion along 𝑒!.  

Methodology: To the best of the authors’ knowledge, no current apparatus uses sparse pressure sensors to measure an 
athlete’s aero/hydrodynamic power in real-time [8]. Extracting loads on a body from pressure measurements is viable as 
long as the loads are dominated by pressure rather than shear. In such flows, load estimates are possible with only a few 
sensors as recently shown on a delta-wing experiencing gusts [9]. As examples of pressure-dominated hydrodynamic 
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loads are common in sports and include flows around accelerating bluff bodies, we strive to explore the limits of pressure-
based load reconstruction. Therefore, an ellipsoidal plate, as an abstraction of a hand, paddle blade or generic bluff body, 
is used here for baseline testing with principal axes 𝑏 = 0.3m	and	𝑤 = 0.15m, as illustrated in Fig. 1(a). In order to 
measure forces and moments on the plate, an ATI six-axis force-moment sensor is attached to the plate. The transducer 
has a resolution of 0.125N, and a sampling rate of 1000Hz	was used. To measure instantaneous pressure on two sides of 
the plate, two Omega differential pressure transducers, measuring a range between 0 - 6895Pa, were used. The pressure 
sensors were mounted at 𝑦/𝑏 = 0.5	and 𝑦/𝑏 = 0.75 and have a response time of 1ms, and an accuracy of 0.25%!

"  of full-
scale best fit straight line (FS BFSL) with hysteresis and repeatability of 0.2% FS. The plate is placed in a water-filled 
(viscosity 𝜈) towing tank (Fig. 1b) and accelerated from rest until hitting its final velocity (𝑈#), which is then kept constant 
over a distance of 35 plate lengths (𝑠∗ = 𝑠/𝑏). Thereby both the dynamic as well as the steady-state responses of the 
pressure and load signals could be obtained. Two Reynolds numbers (𝑅𝑒 = 𝑈#𝑏/𝜈 ∈ {97	000, 194	000}) and various 
angles of attack (45° < 𝛼 < 135°) were tested to quantify any 𝑅𝑒 scaling observed in previous studies [10] and to 
determine how 𝛼 influences the ratio of  pressure and loads. 
Preliminary results: The normalized pressure (𝐶%) at 𝑦/𝑏 = 0.5 (plate center) as well as the normalized perpendicular 
force on the plate (𝐶&) are shown in Fig. 2(a) for 𝑅𝑒 = 194	000. It is apparent that for a wide range of 𝛼 values that the 
signals are similar, and that a linear mapping of pressure to forces in the form of 𝐶& = 𝛽𝐶% will allow for an accurate 
load reconstruction using a single differential pressure sensor. However, for the smallest angle of attack (𝛼 = 45∘) the 
dynamic flow separation process is too complex for a single-sensor load reconstruction. The talk will further elaborate 
how this issue can be tackled by means of the second sensor positioned at 𝑦/𝑏 = 0.75. Fig. 2(b,c) provides an overview 
of the ratio 𝛽(𝛼, 𝑅𝑒) = 𝐶&/𝐶% during the dynamic (𝛽()*) and the steady processes (𝛽+,). During steady state, a weak 𝑅𝑒 
scaling and load reconstruction error are observed (Fig. 2b). However, during the dynamic process the load reconstruction 
with a single sensor shows a much larger error (𝜖), in particular for smaller angles of attack (Fig. 2c). 
 

 
Figure 2. (a) Pressure at y=0.5 (𝐶") and forces (𝐶#) for 𝑅𝑒 = 194	000.  (b) Time-averaged loads and pressures (⟨𝐶"⟩, ⟨𝐶#⟩) during the steady 
motion of the plate (𝑠∗ > 15) for various angles of attack and 𝑅𝑒 = 97	000 (red) and 𝑅𝑒 = 194	000 (blue). Error bars indicate two standard 
deviations from the original signal; and (c) Left axis: the ratio 𝛽 = 𝐶#/𝐶" during the acceleration (𝛽%&') and the steady motion (𝛽()), right axis: 
root mean square error (𝜖) when comparing the reconstructed signal	𝐶4# = 𝛽𝐶" to the measured loads (𝐶#). 
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