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Velocity-Based resistance Training (VBT) measurement methods based on commercially-
available electronics in smartphones and other wearables are not yet accessible to the 
broad public. Building on this gap, the motivation for this study was to assess the validity of 
the Apple Watch 7 for broad application to VBT. In particular, the velocity predictions of a 
barbell mounted Apple Watch 7 were compared against data from 3D optical motion 
capture (Vicon) as gold standard in 22 subjects for the free weight back squat. The subjects 
reported to the lab for one testing session and performed the free weight back squat at 
intensities between 45 and 100 percent of their one-repetition-maximum. A total of 574 
repetitions (total), 285 repetitions (slow), 289 repetitions (fast) were successfully recorded, 
with only 30 repetitions missing because of connection issues between the Apple Watch 
and the server infrastructure. The peak and mean velocity predictions of the concentric 
movement phase were with a high precision compared to Vicon (Vmean: SEE=0.049m/s, 
r=0.976, Vpeak: 0.092m/s, r=0.959), with the error being similar or smaller compared to 
other validation studies. The insight gained in this work plays a crucial part toward 
advancing VBT monitoring technologies for broader use by demonstrating the validity of 
commercially-available and highly popular consumer electronics. 
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INTRODUCTION: It is widely known that Resistance Training (RT) improves the performance 
of athletes, allowing them to potentiate earlier and have a lower risk of injury. RT has also been 
shown to offer promising benefits in many areas of daily life, however, one challenge with RT 
is to objectively monitor neuromuscular fatigue and actual workload to ensure compliance with 
RT guidelines, maximise training benefits and minimise the risk of injury. Here, Velocity-Based 
Training (VBT) offers a promising objective method for monitoring RT to ensure safety and 
efficiency of training outcome. Yet, a major challenge of VBT is the need for a measuring device 
to assess lifting velocity. For this reason, recent studies have analysed the validity and 
reliability of affordable technologies used to measure barbell velocity during RT such as high-
speed cameras, smartphone applications, or wearable devices (4,10). However, VBT 
measurement methods based on commercially-available electronics in smartphones and other 
wearables are not yet accessible to the broad public audience because of a lack of scientifically 
validated products. Building on this gap, the motivation for this study was to assess the validity 
of the Apple Watch 7 for broad application to VBT monitoring. 

METHODS:  
The participants in the present study were 22 recreationally active RT athletes with at least 3 
years of experience in the free weight back squat (n=12M/10F, age = 29.1 ± 5.2, height = 1.65 
± 0.4 m; body mass = 77.5 ± 12.6 kg; back squat 1RM = 134.2 ± 32.1 kg). The study protocol 
complied with the Declaration of Helsinki for Human Experimentation and was approved by the 
regional ethics committee. Written informed consent was obtained from each participant prior 
to data acquisition. The study design was developed to assess the validity of the Apple Watch 
7’s Inertial Measurement Unit (IMU) sensor (Apple Inc., Cupertino, CA, USA) during the free 
weight back squat. Subjects reported to the lab for one testing session, where they performed 
back squats between 45 to 100 percent of their One-Repetition Maximum (1RM) at maximum 
voluntary lifting velocity according to VBT guidelines. 
The velocity of the barbell was measured using a barbell mounted Apple Watch and an optical 
3D motion capture system (Vicon 3D Motion Systems, Oxford, United Kingdom), both 
measuring at 100Hz. Thereby, two reflective markers were attached on both ends of the barbell 
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and tracked using 10 infrared cameras, while the Apple Watch was attached next to the left 
hand of the subject. A 4th order Butterworth filter was used to smooth all the data. Vertical lifting 
velocity was calculated by integrating the acceleration data from the Apple Watch over time, 
and differentiating the position from the reflective markers, respectively. All Vicon cameras 
were controlled from an Antec WorkBoy desktop (Antec, Taipei, Taiwan) running Vicon Nexus 
software (version 2.9, Vicon Motion Systems Ltd., Oxford, UK), while a custom iOS application 
was written to facilitate data acquisition with the Apple Watch. The concentric velocity phase 
of the back squat was defined in line with RT guidelines to start at the lowest vertical position 
(turning point) and end at the point the velocity reached zero (end position of squat).  
Vicon was considered the reference “criteria” in this study. The validity of the Apple Watch was 
assessed against the criteria for mean (Vmean) and peak (Vpeak) velocity separately using 
the three-tier approach recommended by Hopkins (5) comprising of a Pearson’s correlation 
coefficient (r), a calibration equation, and the Standard Error of the Estimate (SEE). This 
analysis was done for 1) the whole velocity spectrum, 2) repetitions with concentric criterion 
duration below 1.25s, and 3) concentric criterion duration above and equal 1.25s categorized 
into “total”, “slow” and “fast”, respectively. The time threshold was chosen accordingly to build 
two similar sized groups with two velocity spectrums (slow and fast).  
For the calibration equation, Ordinary Least Product (OLP) regression was used (8), as both 
criterion and Apple Watch measurement were subject to random measurement errors. The 
SEE was calculated from residuals of the OLP calibration equation according to Siegel (13) 
and Fritschi et. al. (4). Correlation coefficients were interpreted with lower thresholds of 0.5, 
0.7, and 0.9 for large, very large, and extremely large, respectively (6). According to Fritschi 
et. al. (4), the absolute SEE was interpreted by supposing a meaningful thresholds of 0.1 m/s 
as high, which would be adequate for identifying a 30% velocity loss at relatively high loads. 
Proportional measurement bias was considered to exist if the 95% confidence limits of the 
calibration slope did not include One, while a fixed measurement bias was considered to exist 
if the 95% confidence limits of the calibration intercept did not include Zero (8).  
For a better comparison with existing publications, the Inter Correlation Coefficient (ICC 3.1) 
values were also included to test agreement between measurements. Values between 0.8 to 
0.9 were considered as good and above > 0.9 as excellent (7). All statistical analysis was 
performed with Python employing the SciPy and Pingouin libraries. 

RESULTS: A total of 574 repetitions (total), 285 repetitions (slow), 289 repetitions (fast) of the 
free weight back squat were successfully recorded in the 22 participants, with only 30 
repetitions missing caused by connection issues between the Apple Watch and the server.  
Accuracy: The main indicators for accuracy are displayed in Table 1 as the slope and intercept 
of the calibration equation with a 95% confidence interval, whereas Figure 1 visualizes the 
calibration equation for the whole velocity spectrum. For Vmean(total), a small proportional 
bias is revealed (slope=1.003-1.04). A larger proportional bias was found (slope=1.086-1.138) 
for Vpeak(total), which is apparent throughout the entire velocity spectrum (slow and fast 
repetitions).  
Precision: The indicators for precision are displayed in Table 1 in the form of the SEE and the 
Pearson’s r. For all velocity parameters, the SEE was rated ‘low’ with values between 0.036 – 
0.092 m/s. Furthermore, all combinations showed extremely large correlations (0.924-0.979), 
except for Vmean(slow) and Vpeak(fast) which still showed large correlations (0.888-0.934). 
These findings are supported by the ICC values which confirm the agreement between 
measurements. No clear effect was revealed by the two velocity groups (slow, fast) expect that 
slow repetitions yielded a slightly worse relative precision (SEE%= 9.4% and 7.3%) compared 
to faster repetitions (SEE% = 8.1% and 6.6%). 

DISCUSSION: This study aimed at assessing the validity of the Apple Watch 7 in VBT 
monitoring of the free weight back squat. Similar levels of accuracy and precision were 
previously reported for IMU based VBT devices such as the Beast Sensor (Beast Technologies 
S.r.l., Brescia, Italy), VmaxPro (BM Sports Technology GmbH, Magdeburg, Germany) and 
Push Band 2 (Whoop, Boston, United State of America) (3,4). In particular, Balsalobre et al. 
(1) found the Beast wearable device to have acceptable validity (Vmean: r = 0.973–0.983, SEE 
= 0.05 m/s) . Mitter et al (9) also validated the Beast wearable device (Vmean: r = 0.95, SEE 
= 0.110-0.124, Vpeak:  r =0.84 , SEE = 0.166-0.188), as well as the Push Band 2 (Vmean: r = 
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0.97, SEE = 0.073-0.083, Vpeak:  r = 0.92, SEE = 0.130–0.146). Both devices were rated valid 
by the authors, which was confirmed by Clemente et al (2) in a systematic review. Additional, 
Fritschi et al. assessed the validity of the VmaxPro (Vmean: SEE = 0.02–0.13, Pearson’s r = 
0.94–0.96, Vpeak: SEE = 0.07–0.08, Pearson’s r = 0.92–0.99 ranking it among the most  valid 
VBT devices on the market.  Because of the revealed high precision and high agreement, the 
calibration equations could be used to correct for both proportional and fixed biases in a post-
processing step. 
Table 1: Validity indicators for  mean and peak velocity parameters (V mean and V peak, respectively). Slope and intercept 
were generated using least-product linear regression. SEE: standard error of estimate from least-product linear 
regression. ICC: intraclass correlation coefficient. Values between brackets represent 95% confidence interval. Time 
value (t) refers to the concentric part of repetition.   

 

  
Figure 1 Calibration equation between Apple Watch and criterion (Vicon) for mean (left) and peak (right) velocity of the 
total amount of repetitions (n=574). 

Here the Apple Watch resembles a popular wearable with a large user base and a broad variety 
of features not restricted to a certain activity such as RT or VBT. As such, it could reduce the 
burden to buy a device for the sole purpose of VBT. Therefore, the Apple Watch has the 
potential to provide a minimalistic, reasonable priced VBT device which, with an appropriate 
iOS app, is highly user friendly. This is important to remember, as validity is not the only 
criterion for a VBT device. 
Because a trend for an overestimation at higher mean velocities was reported for the VmaxPro 
and the BeastSensor (3,11), we splitted the present analysis into two similar sized groups with 
different velocity spectrums (slow, fast), as described in the methods. No clear effect was 
revealed by the different velocity spectrums expect that slow repetitions yielded a slightly worse 
relative SEE values compared to faster repetitions. This results in a slightly higher validity for 
the fast repetitions when focusing on relative SEE, as absolute SEE values tend to increase 
with higher velocities. This might result from the accumulation of drift produced by the IMU 
itself, which represents a major challenge in IMU measurements (12). These results stand in 
contrast to reported results for the VmaxPro and Beast Sensor (3,11) but are in line with the 
Push Sensor (11). Therefore, it is important to consider that 1) different IMU’s might have 
different reading and sources of errors from the hardware side and 2) because scarce 
information about the embedded algorithms in commercially-available sensors is available, 
little can be concluded about possible error sources from the software side. However, in the 
present work the raw data was used to derive the velocity parameters which gives full control 
from the software side. We highly agree with Mitter’s (9) recommendation to treat results of 
investigations with caution, as companies tend to adapt their hard- and software constantly. 
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Nevertheless, in this work we found the barbell mounted Apple Watch 7 valid for deriving the 
mean and peak velocity of the concentric part of the free weight back squat. If these results 
can be confirmed by others this would lead to a new valid VBT tool with high potential regarding 
the popularity of the Apple Watch. 

CONCLUSION: The findings of this study provide a rationale on the use of the Apple Watch 7 
to assess movement velocity during VBT. It adds value to the VBT community as the Apple 
Watch is a popular wearable device already used by many with a broad variety of features not 
restricted to VBT. Furthermore, the Apple Watch resembles a minimalistic, reasonable priced 
VBT device which, with an appropriate iOS app, is highly user friendly. This is important to 
remember, as validity is not the only important criterion for a VBT device. A slightly higher 
validity was found for fast repetitions, which should be investigated in further studies as it 
suggests a higher accumulating drift effect for slower repetitions. Other validation studies of 
IMU-based VBT devices have not reported this behaviour and it is not yet clear if it is hardware 
or software caused. To the best of our knowledge this is the first study demonstrating that the 
barbell mounted Apple Watch 7 is a valid device to assess movement velocity during the free 
weight back squat exercise. 
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