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Abstract	

Recent advancements in 3D data gathering have made it possible to measure the distance to 

an object at different time stamps through the use of time-of-flight cameras. Therefore, the 

purpose of this study was to investigate the validity and reliability of a time-of-flight camera 

on different mechanical sprint properties of the muscle. 

 

Fifteen male football players performed four 30m maximal sprint bouts which was 

simultaneously recorded with a time-of-flight camera and 1080 sprint device. By using an 

exponential function on the collected positional- and velocity-time data from both the 

devices, following variables were derived and analyzed: Maximal velocity (nmax), time 

constant (t), theoretical maximal force (F0), theoretical maximal velocity (V0), peak power 

output (Pmax), F-V mechanical profile (Sfv) and decrease in ratio of force (Drf). 

 

The results showed strong correlation in nmax along with a fairly small standard error of 

estimate (SEE) (r = 0,817, SEE = 0,27 m/s), while t displayed moderate correlation and 

relatively high SEE (r = 0,620, SEE = 0,12 s). Furthermore, moderate mean bias (>5%) were 

revealed for most of the variables, except for nmax and V0. The within-sessions reliability 

using Intraclass correlation coefficient (ICC) and standard error of measurement (SEM) 

ranged from excellent to poor with Pmax displaying excellent reliability (ICC = 0,91, SEM = 72 

W), while nmax demonstrated moderate reliability (ICC = 0,61, SEM = 0,26 m/s) and t poor 

(ICC = 0,44, SEM = 0,11 s). 

 

In conclusion, these findings showed that in its current state, the time-of-flight camera is not 

a reliable or valid device in estimating different mechanical properties of the muscle during 

sprint running using Samozino et al’s computations. Further development is needed. 

	
Keywords: Depth camera, 3D camera, Biomechanics, Acceleration, 1080 sprint 
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Abbreviations	
	

ToF    Time-of-flight 
 
F-v    Force-velocity 
 
P-v    Power-velocity 
 
F0    Theoretical maximal force applied at zero velocity 
 
V0    Theoretical maximal velocity applied at zero force 
 
Pmax    Maximal power output 
 
SFv  The slope of the F-v relationship, also called Force-

velocity mechanical profile 
 
GRF    Ground reaction force 
 
RF    Ratio of force 
 
DRf    Decrease in ratio of force with increased velocity 
 
nmax  Maximal velocity reached at the end of the 

acceleration phase 
 
t    Acceleration time constant 
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Introduction	
 

In numerous sport activities, such as various team sports, performance is often associated 

with the ability to accelerate either an external mass or body mass as fast as possible with 

the upper or lower extremities. Sprint running is an example of these types of ballistic 

movements that has been shown to be a key component for performance and is often 

included in different types of training routines and conditioning programs (1). This ability 

depends largely on the mechanical impulse that develops in the direction in which the 

individual travels and relates to the amount of power output the lower limbs can produce 

(2). During the acceleration phase in sprint running, the ability to perform is directly 

associated with which force an individual can exert in horizontal direction onto the ground, 

instead of the total resulting force applied (3). This has been the subject of research within 

this area to increase the understanding of the mechanical capabilities and limitations that 

the muscular system possesses and has led to increased knowledge of maximum 

performance in different sports as well as effectiveness of training and rehabilitation. 

 

The mechanical capabilities of the musculoskeletal system to generate external force during 

a given movement task is dependent on the rate of movement of that task and is described 

in the force-velocity (F-v) relationship. These two dependent variables are inversely related 

which means that for a constant level of muscle activation, an increase in shortening velocity 

causes a decrease in force production (4). Furthermore, the product of force and velocity 

defines the mechanical power output the extremity can produce and can be expressed 

through the power-velocity (P-v) relationship. From the early part of the 20th century, 

seminal studies revealed that in mono-articulate movements the relationship between force 

and velocity were non-linear and approximately hyperbolic, both in animals (4) and humans 

(5). However, recent studies on multijoint lower limb movements have found the F-v 

relationship to be approximately linear and in turn the P-v relationship parabolic. This 

pattern has been obtained in different kinds of lower limb movements such as sprint running 

(6-8), sprint pedaling (9) and various vertical jumps (10). The linear F-v relationship explains 

the mechanical limitations within the neuromuscular system and can be characterized by a 

small number of  variables, including: the theoretical maximal force applied at zero velocity 

(F0), the theoretical maximal velocity applied at zero force (V0), the maximal power output 
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with which the neuromuscular system can produce (Pmax) and the ratio between F0 and V0, 

which is referred to as the F-v mechanical profile (SFv) and represents the slope of the F-v 

relationship (11). These are influenced by a variety of interrelated neuromuscular factors, 

such as muscle fiber composition, motor unit recruitment and length-tension relationships in 

muscles (12).  

 

Running gait is characterized by a support phase (stance) and a non-support phase (swing). 

The support phase can be further divided into propulsion and absorption phases. During the 

propulsion phase, horizontal force is exerted onto the ground as well as a vertical force 

caused by the gravitational pull of the earth. This results in a vector by the total ground 

reaction force (GRF) predominantly not in the direction in which the displacement occurs. 

Because the only force directed forwards of the total GRF is the horizontal force, the ratio 

(RF) between the horizontal and total GRF has been considered as the mechanical 

effectiveness of force application during sprint running (3) and has also been previously 

proposed in pedaling mechanics (9). This means that with increased RF, the higher the 

horizontal force during a given amount of total GRF. Furthermore, the index of force 

application technique has been described through the slope of the decrease in RF with 

increased velocity (DRF). This indicates the runner’s ability to maintain or limit the decrease 

in RF despite the increase in velocity.  

 

For athletes, coaches and physiotherapists, the knowledge of which variables are important 

for performance is crucial, partly in order to be able to decide on appropriate training 

actions to enhance performance, but also to facilitate return to sport. One of these variables 

is Pmax which, in various types of lower extremity movements such as vertical jump, sprint 

pedaling and sprint running (8, 13), has been found to be positively correlated with sprint 

performance. The mechanical effectiveness of force application during sprint running has 

also been shown to be important for performance and a more velocity-oriented F-v 

relationship has been seen in elite sprinters compared to recreational athletes (3, 6). 

Furthermore, SFV has been shown to be related to the ability to perform vertical jumps, 

regardless of Pmax. Although two individuals share the same Pmax during a given task, 

performance may differ up to 30% due to an adverse balance between force and velocity 

(10, 14). Due to the importance of these variables to performance, the ability to assess and 
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evaluate them in a practical setting should be of great interest for coaches and athletes 

alike. 

 

When assessing sprint mechanics, different types of devices and approaches have been 

used. These include force plates and treadmills (6-8, 15, 16). While these complex devices 

are accurate at measuring variables mentioned above, they’re often either too expensive, 

impractical for use in a meaningful sports environment or requires certain amount of 

expertise from the practitioner. For instance, treadmills do not accurately reproduce the 

natural environment in which athletes perform in and, to the authors knowledge, no force 

plates systems longer than 10-15 meters exist. Consequently, a practical, accurate and 

simple device for measuring these variables may be of great value to sports practitioners for 

optimizing training routines and improving performance. Therefore, a simple method based 

on computations by an inverse dynamic approach applied to the center of mass has recently 

been proposed (17). This method has shown to accurately estimate the different variables 

mentioned above with timing gates and radar systems in comparison to force plate 

measurements and is based on Newton’s laws of motion. It uses split times or positional- 

and velocity-time data to estimate these variables and has been used in several other 

studies recently (18-21). Even though this method is simpler and more affordable than the 

use of force plates, it still requires some expertise in processing the data and a radar system 

or seven pairs of timing gates. Moreover, these devices are still expensive and unavailable 

for most practitioners. 

 

Recent advances in 3D data gathering through 3D depth cameras have made it possible to 

measure the distance to an object at different time stamps by determining range and 

intensity of individual pixels (22). This can be done through a time-of-flight (ToF) camera, 

which uses an infrared light signal to determine depth information by measuring the time it 

takes the signal to bounce from the targets surface back to the camera. In theory this can be 

used to determine a markers distance from the camera at different time stamps and derive 

different expressions that makes it possible to calculate the F-v and P-v relationship. 

Scientific studies on evaluation of human performance using ToF-cameras has been lacking 

and to the authors knowledge, no scientific study has been done using these cameras on 

sprint performance. Therefore, the aim of this study was to examine the validity and 
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reliability of a ToF-camera on computed mechanical properties of the muscle during sprint 

running.  

 

Hypothesis	

- The ToF-camera would show robust agreement on the computed mechanical 

variables of the muscle compared to a reference method. 

- The ToF-camera would prove acceptable reliability between each trial on the 

computed mechanical properties of the muscle. 
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Method	
 

Experimental	Approach	to	the	Problem	

In this study, a validation study design was adopted in order to investigate the relevance of 

the proposed device. As previously mentioned, the following variables were chosen to 

investigate the validity of the proposed device to measure the mechanical capabilities of the 

neuromuscular system and the mechanical effectiveness of force application during sprint 

running: F0, V0, Pmax, SFv and DRf. These variables characterize the above-mentioned abilities. 

In addition to these variables, nmax and t were also chosen due to their importance in the 

computation of the previously mentioned variables. By measuring positional- and velocity-

time data during a sprint bout, nmax and t can be defined and the remaining variables 

calculated. These two variables are described in more detail under data processing. 

Furthermore, in order to validate a device, a reference device must be chosen that has the 

capacity to accurately measure the earlier mentioned variables and which has been 

previously validated. In this study, we opted to use 1080 sprint as a reference device. By 

examining the correlation and agreement between the proposed and the reference devices, 

we can analyze the accuracy of the proposed device in measuring these variables. 

 

Subjects	

Fifteen healthy male football players (age: 21,7 ± 3,6 years; body weight: 74,9 ± 10,1 kg; 

height: 1,81 ± 0,08 m) participated in this study. The inclusion criteria to participate were as 

follows: (1) between 18 and 35 years old; (2) physical active at least 3 times a week; (3) no 

prior history of either hip, knee or ankle injury within the last 6 months or (4) any medical 

condition that could affect the performance during the testing procedure. Each participant 

was recruited by an external coordinator and received both verbal and written information 

about the study (Appendix 1). Prior to participating, written consent was obtained from all 

the participants. All participants included in the study were coded as to minimize the risk 

that any unauthorized person would be able to identify the participants. The study design 

has been ethically reviewed by the department’s research council. 

 



 

8 
 

Procedures	

The testing procedure were conducted at Umeå Performance Center and comprised of four 

maximal 30 m sprint bouts. Prior to testing, each participant performed a standardized 30-

minute warm-up which included light cycling, dynamic stretching, running drills and 

submaximal sprint running. This was then followed by 5 minutes of rest before the first trial. 

During this time, body mass and height was assessed. Height was measured using a 

stadiometer (Concept Traningsredskap AB, Jonkoping, Sweden), while body mass was 

measured using a digital scale (Tanita BC-543, Tanita Corporation, Tokyo, Japan). Before 

each trial, the participants were instructed to lean in and take up the slack from the cord 

that was attached to them and to not jerk or swing during the start. After a ready signal was 

given to the participant from the test leader, the participant was instructed to run as fast as 

possible on their own initiation and to not reduce the speed until they had passed the 

finishing mark, which was placed at 35 m so that the participant wouldn’t decelerate too 

early. Each bout was followed by 4 minutes of rest. A reflective vest was worn by each 

participant as well as a waistband which a cord was attached to. The cord was then 

connected to the 1080 sprint device. Both the 1080 sprint device and ToF-camera were 

placed approximately 1 m and 1,5 m behind the athlete. 

 

Equipment	

Each trial was simultaneously recorded with a novel 3D-based camera (Sports Capture beta 

version 0.9, Photon Sports, Umea, Sweden) and a 1080 sprint device (1080 motion, Lidingo, 

Sweden), which is a portable robotic resistance device. The 1080 sprint device uses a servo 

motor (2000 RPM OMRON G5 Series Motor, OMORON Corporation, Kyoto, Japan) to apply 

resistance and is attached to a composite fiber cord which is then attached to the athlete by 

a waist band. The mode that was used was the isotonic resistance mode and 1kg horizontal 

resistance was selected, since it was the minimum resistance that could be selected. The 

measured positional- and velocity-time data were collected from the manufacturer’s 

computer application (1080 Motion, Lidingo, Sweden). The sampling rate used was 333Hz 

and a LP filter with a cutoff frequency of 15,9Hz was used. Previously, the 1080 sprint device 

has been investigated for its validity (23). The camera used in the study was a 3D-based 

camera with a patent-pending method for positioning the athlete in the three-dimensional 
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space. With help of a reflective vest, the position of the athlete was measured in real-time 

by finding individual pixels which the reflective vest was visible in and filtering out those 

which were a mixture between the background and the reflective vest. The system was then 

able to deliver XYZ position, as well as velocity- and acceleration-data at a sampling rate of 

60Hz. 

 

Data	processing	

All processing procedures were applied to the obtained position- and velocity-time data 

from the two different devices. For the start, a velocity threshold was decided for both 

measuring units of 0,2 m/s, which has been previously used in other similar studies (24, 25). 

The mechanical sprint properties of the muscle measured by the ToF-camera and 1080 

sprint device were modeled after the same model used in Morin. et al study (17). For 

distance-time (z), velocity- (v) and acceleration- (a), the following functions were used: 

𝑧(𝑡) = 𝜈'() *𝜏𝑒
-./ − 𝜏 + 𝑡2                                                    (1) 

𝜈(𝑡) = 	𝜈'() *1 − 𝑒
-./2       (2) 

𝑎(𝑡) = 6789
:
𝑒-

.
/                        (3) 

 

The common term for all equations is 𝑒-
.
/. By solving the equation for the earlier mentioned 

term from Eq 2, you get the following equation: 

𝑒-
.
/ = 1 − 6

6789
                        (4) 

 

Eq 4 is then substituted into Eq 1 to obtain a linear relationship between position and 

velocity: 

𝜈 = 6789
:
𝑡 − )

:
                     (5) 

 

From Eq 5, the maximal running velocity (nmax) and the time constant (t) were determined 

by doing a least square fitting on the positional- and velocity data from the both methods. 

Furthermore, by applying the fundamental laws of dynamics, the force exerted in the 

horizontal direction over time was modeled as:  
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𝐹<(𝑡) = 𝑚 × 𝑎(𝑡) + 𝐹(?@A(𝑡)                                (6) 

 

where m is the participants body mass and Faero is the aerodynamic drag force. These have 

previously been reported (17) and is based on the body height of the athlete and different 

environmental conditions. The following equation was used to estimate the power produced 

during the sprint: 

𝑃(𝑡) = 𝐹<(𝑡) × 𝜈(𝑡)    (7) 

 

For each completed step, the vertical force exerted to the center of mass of the body was 

modeled after the following equation: 

𝐹C = 𝑚 × 𝑔                    (8) 

 

where m is the body mass and g are the gravitational acceleration of 9,81 m/s2. The 

theoretical maximal force (F0) and theoretical maximal velocity (V0) were determined by 

plotting force and velocity in a linear model and determining the y- and x-intercept. For Peak 

power (Pmax), power and velocity were plotted in a second-order polynomial model and the 

apex of the parabolic curve were determined as the maximal power the athlete produced. 

The slope of the relationship was determined by the following equation: 

𝑆FC = − GH
IH

                    (9) 

 

The ratio of force (RF) were computed as: 

𝑅𝐹 = GK

LGKMNGOM
                      (10) 

 

and the decrease in ratio of force (Drf) were determined by plotting RF and velocity in a 

linear model.  

 

Statistical	Analysis	

Descriptive statistics, including central tendency and range, were calculated for each variable 

and are presented as mean ± standard deviation (SD). Due to the difficulties calculating 

power for these types of studies, the sample size in this study were based on prior studies 
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within the same field (16, 17). To estimate the validity, a Pearson product-moment 

correlation coefficient (r) and a simple linear regression analysis, with coefficient of 

determination (r2) and standard error of estimate (SEE), were performed on nmax and t (26), 

while a Bland-Altman analysis (27) were performed on all the included variables. Residual 

plots for nmax and t were examined for the assumption of the linear regression analysis. The 

critical value for r (rc) were defined as rc = 0,294 based on the total amount of observations 

(n = 45) and an alpha level of 0,05 (28). For the within-session reliability analysis, the 

intraclass correlation coefficient (ICC) and standard error of measurement (SEM) were used 

(29). Any association or tendencies between each trial were analyzed with ANOVA and a 

visual inspection of box-plots, but none were found. Therefore, the version of ICC that were 

used was ICC (1,1). The following interpretation of the ICC were used: values less than 0,5 

were regarded as poor, values between 0,5 and 0,75 were regarded as moderate, between 

0,75 and 0,9 were regarded as good, while values above 0,9 indicated excellent reliability 

(30). All statistical analyzes were performed with JMP 13.0 (SAS Institute Inc., Cary, NC, USA) 

and Microsoft Office Excel 2016 (Microsoft Corporation, Redmond, WA, USA). The alpha 

level was set to 0,05. 
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Results	
 

Each participant included in the study conducted all four trials during one testing session. 

During the second trial for one participant, the data could not be obtained because of 

technical issues. Subsequently, every second trial obtained were removed from each 

participant in order to include every participant and to minimize selection bias. 

 

The split times recorded with the ToF-camera at 5, 10, 15, 20, 25 and 30 m were 1,38 ± 0,08, 

2,14 ± 0,11, 2,84 ± 0,13, 3,49 ± 0,16, 4,13 ± 0,18 and 4,77 ± 0,20 s, respectively. For the 1080 

sprint device, the split times with the same interval as above were 1,33 ± 0,13, 2,11 ± 0,14, 

2,80 ± 0,16, 3,45 ± 018, 4,09 ± 0,20 and 4,71 ± 0,22 s, respectively. The mean values and 

standard deviation (SD) from the obtained variables nmax, t, F0, V0, Pmax, Sfv and Drf are 

presented in Table 1. 

 

Between the two devices, strong correlation was shown for nmax (r = 0,817, p<0,0001), while 

moderate correlation was shown for t (r = 0,620, p<0,0001). The SEE between the two 

devices for nmax and t were 0,27 m/s and 0,12 s, respectively. Figure 1a and 1b shows the 

linear regression model for both nmax and t with corresponding regression equation, identity 

line, estimated regression lines and r2-values. 

 

From the Bland Altman analysis, the associated bias and 95 % limits of agreement with 

confidence interval from the obtained values of nmax, t, F0, V0, Pmax, Sfv and Drf are shown in 

Table 1. The mean bias relatively to the mean values from the reference method were for 

nmax and t 0,09 ± 0,44 % and 5,77 ± 1,96 %, while for F0, V0, Pmax, Sfv and Drf -5,42 ± 8,56 %, 

0,28 ± 3,36 %, -5,29 ± 6,22 %, -5,46 ± -11,40 % and -5,27 ± -1,79 %, respectively.  

 

The reliability of the ToF- camera on the different computated mechanical variables of the 

muscle between the three trials are presented in Table 2 as both ICC and SEM. The ICC 

ranged from 0,37 - 0,91 with only Pmax achieving excellent reliability. F0 displayed good 

reliability and both V0, nmax and Sfv moderate reliability. The least reliable variable was Drf 

showing poor reliability, while t also displayed poor reliability. Expressed in relation to the 
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mean values of the different mechanical variables of the muscle, the SEM ranged from 

3,20% - 11,83% with nmax being the variable with the lowest SEM in relation to the mean 

values, and Drf being the highest. No statistical difference was observed on the different 

mechanical variables of the muscle between each trial 

 

 

 

 

 

Figure 1. Linear regression model for nmax (A) and t (B) between the 1080 sprint device and ToF-camera. 
nmax and t values are represented for all participants. The continues solid black line represents the identity 
line, the dotted line represents the estimated regression line and the regression equation is found in the 
top left corner. The r2-values for nmax and t were 0,667 and 0,385, respectively. 
 

A	

B	



 

14 
 

 

 

  

Table 1. Mean ± SD values for the different computed mechanical variables of the muscle and the values of the 

concurrent validity from the Bland-Altman analysis. 

 1080 Sprint ToF-Camera Bias Upper LOA (CI) Lower LOA (CI) 

nmax (m/s) 7,99 ± 0,34 7,99 ± 0,41 0,007 ± 0,035 0,466 (0,345 - 0,587) -0,453 (-0,574 - -0,332) 

t (s) 0,97 ± 0,14 1,03 ± 0,15 0,056 ± 0,019 0,302 (0,237 - 0,367) -0,190 (-0,255 - -0,125) 

F0 (N) 620 ± 105 587 ± 101 -33,6 ± 53,1 70,6 (43,1 - 98,0) -137,7 (-165,2 - -110,2) 

V0 (m/s) 8,22 ± 0,36  8,24 ± 0,44 0,023 ± 0,276 0,565 (0,422 - 0,708) -0,518 (-0,661 - -0,375) 

Pmax (W) 1273 ± 254 1205 ± 238 -67,4 ± 79,2 87,9 (46,9 - 128,9) -222,7 (-263,7 - -181,7) 

Sfv (N/s/m) -75,33 ± 11,12 -71,22 ± 11,70 4,11 ± 8,59 20,95 (16,50 - 25,39) -12,72 (-17,17 - -8,28) 

Drf (%/s/m) 

 

-9,49 ± 1,25 -8,98 ± 1,32 0,50 ± 0,17 2,69 (2,12 -3,27) -1,69 (-2,27- -1,11) 

SD = Standard Deviation, ToF = Time-Of-Flight, LOA = Limits Of Agreement, CI = Confidence Interval 

Table 2. Mean ± SD values for the three different trials measured with the ToF-camera and the values from the 

reliability results. 

 Trial 1 Trial 2 Trial 3 ICC SEM ANOVA 

nmax (m/s) 7,92 ± 0,42 8,08 ± 0,40 7,98 ± 0,41  0,61 0,26 0,5611 

t (s) 1,01 ± 0,16 1,04 ± 0,15 1,03 ± 0,13 0,44 0,11 0,8430 

F0 (N) 591 ± 98 584 ± 104 585 ± 108 0,78 48 0,9807 

V0 (m/s) 8,16 ± 0,45  8,33 ± 0,42 8,22 ± 0,44 0,55 0,29 0,5494 

Pmax (W) 1201 ± 223 1216 ± 257 1198 ± 249 0,91 72 0,9783 

Sfv (N/s/m) -72,50 ± 12,01 -69,98 ± 10,97 -71,18 ± 12,74 0,54 8,07 0,8463 

Drf (%/s/m) -9,19 ± 1,54 -8,83 ± 1,29 -8,94 ± 1,18 0,37 1,06 0,7572 

SD = Standard Deviation, ToF = Time-Of-Flight, ICC = Intraclass Correlation Coefficient, SEM = Standard Error Of 

Measurement 
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Discussion	
 

The present study overall objective was to investigate the validity and reliability of a ToF-

camera on measuring different mechanical properties of the muscles during sprint running.  

The results demonstrated strong correlation in nmax between the two devices along with a 

fairly small SEE, while t displayed moderate correlation and a relatively high SEE. Moreover, 

the Bland-Altman analysis showed an above acceptable agreement for almost all the 

calculated variables, except for nmax and V0 who demonstrated a low mean bias (<5%) and 

fairly narrow limits of agreement. Finally, when analyzing the within-session reliability of the 

ToF-camera, only Pmax displayed excellent reliability while the remaining variables ranged 

from good to poor. nmax was the variable whom displayed the lowest SEM in relation to the 

mean, while t were one of the variables whom demonstrated the highest SEM.  

 

In recreational athletes, as well as elite sprint runners, velocity has been shown to increase 

systematically over time and follow a mono-exponential function during the acceleration 

phase of a maximal sprint run. This has been demonstrated in several studies (31-35) and 

can be described by the following exponential equation: 

𝜈(𝑡) = 	 𝜈'() P1 − 𝑒
-Q:R 

with, as mentioned before, nmax being the maximal velocity achieved at the end of the 

acceleration phase, while t is the time constant and is the time it takes to reach 63 % of nmax. 

Furthermore, position as a function of time can also be described by an exponential 

equation: 

𝑧(𝑡) = 𝜈'() P𝜏𝑒
-Q: − 𝜏 + 𝑡R 

This means that either positional- or velocity time data can help determine nmax and t by 

using a least square regression method on the above-mentioned equations. In addition to 

being required in the aforementioned equations, nmax and t is also necessary in the 

computation of acceleration as a function of time. Using these two variables, the 

acceleration can be computed and force as a function of time can be modelled since 

acceleration is the only kinematic variable in the computation of force. The remaining 

muscle mechanical variables can then be obtained using F(t) and V(t). nmax and t is therefore 

paramount in estimating these variables using this biomechanical model. 
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In the present study, some differences could be distinguished between the two devices on 

the computated variables, especially t. One reason for this could be due to the 

measurement error from the ToF-camera. During the sprint trials, good measurements could 

only be obtained up to 20 meters for the best trials, while in some instances only 7 meters of 

good measurements could be obtained. Contrary to the ToF-camera, the reference device 

instead obtained good measurements for the whole duration of the sprint. Due to these 

differences, nmax for the ToF-camera could potentially be underestimated. This is because 

nmax is usually achieved after 20 - 40 meters in team-sport athletes (36). t could also be 

potentially affected by these differences in obtained measurements. Since t is the 

acceleration time constant and is the time it takes to reach 63 % of nmax, in those cases 

where the measurements were too short, the time it takes to reach maximal velocity is 

perceived to be reached more quickly. The effect of this is that t is perceived as smaller than 

it really is. When nmax is instead overestimated, t is perceived as bigger. This was evident in 

the present study. During a trial for one participant where only good measurements were 

obtained up to 7 meters, nmax was underestimated by 6,98% in comparison to the reference 

device and the difference in t were 8,76% with the ToF-camera having the smaller t. In 

another trial where good measurements were obtained up to 20 meters, the difference in 

nmax was almost non-existent, while the reference device had a 4,92% smaller t than the 

ToF-camera.  

 

A further analysis of t reveals that the ToF-cameras mean value were 2,8 % bigger than the 

reference device. The reason for this could be because of the different sampling rate used by 

the different devices. As mentioned before, the ToF-camera used a sampling rate of 60Hz, 

while the 1080 sprint device used 333Hz. The maximum time difference that can be 

obtained due to the different measuring frequencies were 0,0137 s and the SD in the 

difference between the two methods in t were around 10 times as high. This could 

potentially account for up to 10 % of the difference. Furthermore, it’s also possible that 

because the 1080 sprint device gathered more data points, the model used for the 

computations became less sensitive to outliers than when using the data from the ToF-

camera. 
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Another potential source of error could be the starting point of the measurements. As stated 

before, a velocity threshold was set for both devices at 0,2 m/s. However, this led to some 

issues at the beginning of the measurements for the ToF-camera. Since the ToF-camera 

responds to movement in the XYZ-position, it’s more sensitive to swinging and jerking 

motions than the 1080 sprint device which starts measuring when the cord is pulled away 

from the device. As a consequence, more noise is introduced in the data which makes it 

harder to get a good fit and could cause the ToF-camera to start measuring too early in some 

cases. Moreover, the runner does not always follow the exponential model. To compensate 

for this, all the data before the runner had reached the velocity of 1,2 m/s was cut for both 

devices. This value was developed experimentally by fine-tuning the value until the fit of 

both the data sets was consistent with each other after several runs. Even though force 

production is the highest the first few steps in sprint running (37), the small increment in 

velocity threshold shouldn't affect theoretical maximal force and peak power output 

significantly. However, the change in velocity threshold and the cut in the beginning of the 

data set may have affected nmax and t from the computations made from the 1080 sprint 

device depending on where in the step the cut was made. For instance, the difference in t 

could be up to 26,17% if the cut was made during push-off compared to heel-strike. Looking 

instead at nmax, the difference is smaller and could potentially be 2,35% between push-off 

and heel-strike. For the ToF-cameras output, the steps are not as visible due to less data 

points and therefore probably has a greater effect on the data from the 1080 sprint device. 

However, it must be noted that these are extreme examples and does not mean that such 

large differences were seen in the current study. 

 

When analyzing the other mechanical sprinting variables, both Sfv and Drf demonstrated 

more inferior results. This could be due to increased variability in these two variables since 

they both represent a regression slope. These are often associated with higher variability 

which could explain the difference. Furthermore, Sfv is computated on both F0 and V0 while 

Drf is dependent on ratio of force and velocity, increasing the variability. This has also been 

shown in other similar studies (16, 17, 24). 

 

In the seminal study by Samozino et al (17) where the macroscopic biomechanical model 

used in this study were validated, force plate measurements were compared to 
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computational values based on positional- and velocity-time data from seven pairs of 

photocells. Later studies that have applied the same model have used GPS (38), local 

positioning systems (25) and high-speed video recordings (24) with photocells or radar 

systems used as reference. For sprint performance monitoring, high-speed video recordings, 

laser guns and fully automatic timing systems has shown to be the most accurate (39). 

Further studies have also shown that video analysis is more stable in analyzing the variability 

in sprint performance between sprints compared to laser systems or photocells (40). Single-

beamed photocells on other hand and manual timing have shown to be unreliable over short 

sprints with large absolute errors (39). In this study, a 1080 sprint device was used as 

reference system which has previously been shown to be a reliable timing system in 

comparison to photocells and radar systems (41). However, there are no previous studies 

done on sprint performance with ToF-cameras. Earlier studies that have used ToF-cameras 

have investigated different types of movement tasks, including gait symmetry (42), posture 

and balance (43). These types of movement tasks generally don’t require the camera to 

measure at any distance beyond a few meters and do not require any particular high 

accuracy from the camera at high velocities. To the authors knowledge, this is the first study 

to use the ToF-Camera for sprint performance measuring. 

 

Ethical	and	Social	Reflection			

Due to these trials requiring physical maximum effort, there is an inherent risk that the 

athlete may have had experience muscle soreness, stiffness or potentially muscle injuries 

after the trials. The measure that was taken to prevent this was that each participant had to 

warm up first according to a standardized program in order to minimize these risks. No 

participant included in the study reported any injuries. 

 

All the data from the included participants in the study were coded. This was done in order 

to minimize the risk that any unauthorized person would be able to identify the participant 

and to maintain their confidentiality. These were documented on physical paper for every 

individual and stored and administered by one person. 
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Finally, it must be recognized that the population included in the study were men between 

the ages of 17-27 who practiced football. Thus, the results of this study represent this 

population and might not be generalizable to the rest of the population. 

	

Methodological	Reflection		

In addition to what has previously been discussed, further potential methodological sources 

affecting the results might be the predetermined load used by the 1080 sprint device. In the 

present study, the load used was 1kg since this was the minimal amount of load that could 

be set on the 1080 sprint device. This could potentially cause the cord to pivot more during 

the trial and affect the positional- and velocity-time data by overestimating it. 

 

Furthermore, the poor reliability for some variables could to some degree be attributed to 

the group being homogeneous. Even though this might be the case, the reliability of the 

method should be satisfactory regardless if the group is homogeneous or not, since many of 

the athletes the practitioner assess may have similar performance profiles. 

 

Further limitations may have been the use of the reflective vest for the identification of the 

participants. As mentioned before, the reflective vest was used so that the camera could 

identify the right target. While all the participants wore the reflective vest during the trials, 

the size of the vest were not fitted to the individual participant. This could have potentially 

made it harder for the camera to identify the center pixels corresponding to the COM of the 

participant due to increased displacement of the vest in relation to the individual. Also, 

multiple reflections, which occurs when the infrared light reflects between different surfaces 

before returning to the camera, may potentially have influenced the measurements (44). To 

the authors knowledge, this is the first study using the ToF-camera for the purpose of 

measuring sprint performance. Therefore, no previous studies are available to reinforce any 

further methodological concerns or reflections.  

 

Other factors that may have influenced the results are running surface and footwear. The 

running surface which the trial was performed on was carpeted. Although this potentially 

could have influenced the results (i.e. less friction), the performance during sprint running 

have been shown to be more affected by the roughness of the surface rather than the 
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stiffness. Regarding footwear, the type wasn’t predetermined, and the participants were 

given the choice of which type to wear. However, research on different types of footwears 

impact on sprint performance is currently limited (39). 

 

Future	Research 

To the authors knowledge, this was one of the first studies to evaluate the validity and 

reliability of a ToF-camera on sprint performance. Currently, further technological 

advancements in 3D capturing is needed before more research is done. Such a study could 

use the 1080 sprint device as reference system as long as less adjustments are made on the 

original data compared to the ones made in this study. Furthermore, 20 meters could be 

used as measuring distance since this was the furthest distance that the camera could obtain 

good measurements on. 

 

Practical	Application		

With regards to the points earlier discussed, the present study showed that in its current 

iteration, a ToF-Camera is not a valid or reliable tool for measuring sprint performance in a 

research capacity. It may be of some use regarding sprint performance monitoring for some 

practitioners, although the sprint bout might have to be repeated to ensure that at least 20 

meters of good measurements are obtained. In the future, when further developments have 

been made, the camera could potentially be used for assessing, evaluating and monitoring 

these sprint performance variables. The benefit for said device is that it’s an affordable and 

portable option which could provide valuable information for the practitioner, as well as 

physiotherapists in regard to sport performance and injury management under field 

conditions. Furthermore, it doesn’t require the practitioner any advanced instrumental 

knowledge or any prior biomechanical education due to the ability of the camera’s software 

to process the data and perform the necessary computations. 
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Appendix	1.	Informed	consent	 	
 

Information till forskningspersonerna 
Vi vill fråga dig om du vill delta i ett forskningsprojekt. I det här dokumentet får du 
information om projektet och vad det innebär att delta.  

Vad är det för projekt och varför vill ni att jag ska delta? 
I idrottsliga prestationer anses förmågan att snabbt kunna accelerera antingen en extern massa 
eller ens egen kroppsmassa på kort tid vara av särskild vikt. Sprintlöpning är ett exempel på 
sådan typ av ballistisk rörelse som har visat sig vara en nyckelkomponent för prestation i 
många olika idrotter. Denna explosiva förmåga baseras på de mekaniska begräsningar som 
det neuromuskulära systemet har att bland annat utveckla kraft i den riktning som individen 
färdas i. Många olika metoder och verktyg finns för att bedöma detta under en sprintlöpning, 
men de är ofta antingen för dyra, olämplig för användning i en praktisk miljö eller kräver en 
viss expertis från utövaren. Nya framsteg inom 3D sampling genom 3D-kameror har gjort det 
möjligt att mäta avstånd till ett objekt vid olika tidssteg via enskilda pixlar. Detta kan göras 
med en så kallad time-of-flight (ToF) kamera som mäter tiden en infraröd ljusstråle färdas till 
och från ett objekt. I teorin kan detta användas för att bestämma avståndet från en markör till 
kameran vid olika tidpunkter och med hjälp av detta derivera fram olika uttryck som gör det 
möjligt att ta beskriva det neuromuskulära systemets mekaniska förutsättningar.  
 
Syftet med denna studie är att undersöka validiteten och reliabiliteten av en modifierad TOF-
kamera på peak power, peak force, peak velocity samt den mekaniska effektiviteten under 30-
m sprint i jämförelse med en 1080 sprintenhet. Vi söker efter fysiskt aktiva deltagare mellan 
åldrarna 18–35 som de senaste 6 månaderna inte ådragit sig en höft-, knä- eller fotskada eller 
har en medicinsk åkomma som kan ha påverkan på maximal prestation. 
 
Forskningshuvudman för projektet är Umeå Universitet. Med forskningshuvudman menas den 
organisation som är ansvarig för studien. 

Hur går studien till? 
Alla individer som deltar i denna studie kommer att, under ett testtillfälle, få genomföra totalt 
fyra maximala sprintlöpningar på 30 meter. Inför varje testtillfälle kommer samtliga deltagare 
att få värme upp enligt ett standardiserat program som tar ungefär 30 minuter att genomföra. 
Under själv testtillfället kommer du bli försedd med en reflexväst samt ett midjebälte som är 
ansluten till en dragkabel. Reflexvästen användas för att du ska identifieras av 3D-kameran 
under hela sprintlöpningen och dragkabeln är ansluten till en 1080 sprintenhet som används 
som referensmetod i denna studie. 1080 sprintenheten är ett motståndskabelsystem som 
tidigare visats kunna mäta variabler som kraft, hastighet och power noggrant. Enheten är 
enkel och ofarlig att använda.  
 
Varje testtillfälle kommer som mest ta 60 minuter per gång. Förutom den data som kommer 
dokumenteras under dina sprintlöpningar, kommer vi även dokumentera din ålder, längd samt 
vikt.  
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Möjliga fördel, följder och risker med att delta i studien 

Genom medverkan i denna studie kommer du bidra med ökad förståelse för hur vår kraft-
hastighetskurva ser ut under en sprintlöpning samt hur noggrann en 3D-kamera är på att mäta 
detta. Utöver det kommer du även få information om din egna kraft-hastighetskurva, 
maximala power och mekaniska effektivitet under en maximal sprint och hur du kan gå 
tillväga för att förbättra dessa parametrar. 

Eftersom vi kommer att genomföra maximala sprinttester, kan det förekomma att du känner 
dig öm, trött eller mer stel i benen efter testtillfället. Även muskelskador, yrsel, illamående 
och ofrivillig uppkastning kan förekomma. Skulle andra avvikande symtom som smärta 
förekomma efter testtillfället, ta då omedelbar kontakt med projektansvarige. 

Vad händer med mina uppgifter?  
Projektet kommer att samla in och registrera information om dig. Dina svar och dina resultat 
kommer att behandlas så att inte obehöriga kan ta del av dem. Vi kommer samla in 
information om din maximala hastighet, kraftutveckling, powerutveckling samt mekaniska 
effektivitet under en 30m sprintlöpning. Utöver det även information om din vikt, längd och 
ålder. Informationen kommer sedan att hanteras med yttersta konfidentialitet och inga 
obehöriga kommer ha tillgång till den insamlade informationen. Varje individ kommer kodas 
vilket minskar risken för att information ska kunna härledas till en specifik individ. Endast ett 
fåtal personer kommer att ha tillgång till informationen och den informationen kommer finnas 
på en datafil som inte får kopieras eller delas med någon. Samtlig information som samlas in 
kommer att lagras till dess att studien är färdigställd. Informationen som samlas in kommer 
inte användas i något annat syfte än den som beskrivits tidigare. 
 
Ansvarig för dina personuppgifter är Umeå Universitet. Enligt EU:s dataskyddsförordning har 
du rätt att kostnadsfritt få ta del av de uppgifter om dig som hanteras i studien, och vid behov 
få eventuella fel rättade. Du kan också begära att uppgifter om dig raderas samt att 
behandlingen av dina personuppgifter begränsas. Om du vill ta del av uppgifterna ska du 
kontakta med projektansvarige Sebastian Stattin, sest0015@student.umu.se, telefonnummer 
076–8169265. Dataskyddsombud nås på pulo@umu.se. Om du är missnöjd med hur dina 
personuppgifter behandlas har du rätt att ge in klagomål till Datainspektionen, som är 
tillsynsmyndighet. 

Hur får jag information om resultatet av studien? 
Efter att du genomfört samtliga tester kommer du få ta del av dina individuella resultat från 
testerna. Du kommer även få tips och råd om hur du kan gå tillväga för att förbättra dessa 
parametrar. När studien är genomförd kommer du kunna ta del av studiens resultat. Om du 
inte önskar att ta del av dessa resultat kan du ta kontakt med oss. Samtliga resultat som 
redovisas kommer inte att kunna härledes till någon specifik individ. 

Försäkring och ersättning 
Samtliga deltagare som deltar i denna studie är försäkrad av patientskadeförsäkringen. 
Blanketter för dessa finner du på: www.patientforsakring.se. 
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Deltagandet är frivilligt  
Ditt deltagande är frivilligt och du kan när som helst välja att avbryta deltagandet. Om du 
väljer att inte delta eller vill avbryta ditt deltagande behöver du inte uppge varför, och det 
kommer inte heller att påverka din framtida vård eller behandling. 

Om du vill avbryta ditt deltagande ska du kontakta den ansvariga för studien (se nedan). 

Ansvariga för studien  
Ansvarig för studien är 

Forskningshuvudman: Umeå universitet 

Forskare: Apostolos Theos 

Personuppgiftsansvarig: Umeå universitet 

Kontaktuppgifter till dataskyddsombud: Petra Kanon, pulo@umu.se 

Projektledare: Magisterstudent Sebastian Stattin, sest0015@student.umu.se, 076–8169265 

 

Samtycke till att delta i studien 

Jag har fått muntlig och skriftlig informationen om studien och har haft möjlighet att ställa 
frågor. Jag får behålla den skriftliga informationen.  

☐ Jag samtycker till att delta i studien” Concurrent validity and reliability of a time-of-flight 
camera on measuring sprint mechanical properties” 

☐ Jag samtycker till att uppgifter om mig behandlas på det sätt som beskrivs i 
forskningspersonsinformationen. 

☐ Jag samtycker till att mina prover sparas i en biobank på det sätt som beskrivs i 
forskningspersonsinformationen.  

 

Plats och datum Underskrift 
 
 

 

 
 

 

 


