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Introduction 

Running has recently become a popular physical 

activity worldwide (Anderson, 2020) due to several 

associated health benefits, such as a reduced risk 

of diabetes (Aune et al, 2015), reduction in blood 

pressure (Fagard et al, 2006) and increased 

cardiovascular fitness (Ghorbani et al, 2014). 

However, running also has a high prevalence of 

running related injuries (RRI’s) (van Gert et al, 

2007), where reports of lower extremity RRI 

incidence have been as high as 85% (Nielson et al, 

2012). Since RRI’s are so prevalent, it is vital to 

understand which factors influence the risk of 

injury in running if one is to try and prevent them.  

Impact loading is an important measure of running 

biomechanics that is often considered a 

mechanism related to the risk of RRI’s (Musgjerd et 

al, 2021), which can be measured via ground 

reaction force (GRF) or by peak acceleration 

(Napier et al, 2018), where GRF is the force 

between the foot and the ground. Peak vertical 

ground reaction force (vGRF) (Fz, max) is the 

maximum of the vertical ground reaction force 

during stance (Patoz et al, 2022) and peak 

acceleration is the maximum amount of 

acceleration the body experiences during the 

landing phase of running.  Evidence of impact 

loading as a risk factor for RRI’s such as tibial stress 

fractures (Milner et al, 2006) and other overuse 

injuries (Hreljac et at, 2004), for instance, plantar 

fasciitis (Pohl et al, 2009) and Patellofemoral Pain 

Syndrome (Boling et al, 2009) have become more 

evident in research. 

Literature suggests that exhibiting higher peak 

positive acceleration at the tibia during the impact 

phase (landing phase) of the running gait was 

related to a greater likelihood of developing stress 

fracture injuries in female runners (Milner et al, 

2006). A small extensive study looking at elite 

runners found that injured participants had 

significantly greater accelerometer-based 

estimates of peak vGRF’s than uninjured runners 

(Kiernan et al, 2017). Research therefore suggests 

that the higher the force the body experiences 

during landings in running, the greater risk of 

injury. Although, research in this area is often 

conflicting. Some research suggests that there is a 

lack of correlation between GRF’s and risk of tibial 

stress fractures (Matijevich et al, 2019). 

Moreover, the interpretation of human motion 

and gait is vital to understanding the risk of injury 

in elite and recreational sports like running (Charry 

et al, 2013).  Fortunately, with the rapid growth in 

the use of wearable technologies which contain 

accelerometers (Moore and Willy, 2019), 

understanding running movements and risk of 

injury is more accessible. Accelerometers are 

motion sensors that can measure body movements 

in terms of acceleration (Chen and Bassett, 2005). 

Therefore, if accelerometers can accurately 

measure movement in activities such as running, it 

may be possible to predict injury risk.  

For accelerometers to be useful when measuring 

peak accelerations, the underlying accuracy of the 

raw accelerometer data is crucial (Wundersitz et al, 

2015). Even with the widespread use of wearables, 

fewer than 10% of commercially available 

wearable devices are validated against an accepted 

gold standard (Peake et al, 2018). Force plates 

represent the ‘gold standard’ in measuring running 

kinetics to predict performance or identifying the 

sources of RRI’s (Seiberl et al, 2018) and can 

provide a valid method of measuring initial contact 
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during running (Whelan et al, 2015). Indoor 

validation using force plates and accelerometers is 

valuable to establish relationships between 

accelerations and GRF’s in a fixed laboratory 

setting. This method controls for any outdoor 

variables such as terrain or surface type that may 

affect running movement. Nevertheless, 

wearables containing accelerometers do provide 

valuable in-field movement data and insights into 

the relationships between validated metrics and 

indicators of performance, fatigue, and injury risk 

(Moore and Willy, 2019).  

INCUS believes that validation is an essential part 

of research and innovation. This work provides our 

users with the confidence in accuracy of metrics 

and meaningful insights. Therefore, the aim of this 

study was to compare peak acceleration data 

during running from the INCUS|NOVA, an upper 

body mounted accelerometer, with ‘gold standard’ 

force data, in particular peak vGRF, using force 

plates. Thus, determining future injury feedback 

through INCUS software. 

 

Protocol 

Nine recreational runners (7 males, 2 females) took 

part in this study and completed a questionnaire to 

collect injury and training history and were then 

weighed. Before starting each run, the NOVA was 

positioned at C7 vertebrae (top of the spine) in a 

purpose-built harness (Image 1). 

 

 

 

 

 

 

 

The INCUS|NOVA (sampling frequency: 100Hz) and 

force plates (Kistler) (sampling frequency: 1000Hz) 

were synchronised with a camera, which was 

placed behind the participant (Figure 1). To 

synchronise the cameras with the INCUS|NOVA 

and force plates, a known event was used to 

present when the equipment was turned on. 

Therefore, an offset between the equipment could 

be detected. Trigger lights were used as the first 

known event, this let the camera know when the 

force plates were turned on. The INCUS|NOVA 

lights were used as the second event to exhibit the 

NOVA turning on. The reason for synchronising the 

equipment with the camera was to allow detection 

of the corresponding step from the NOVA on the 

force plate. 

 

 

 

 

 

 

 

Each participant completed 12 times 20 metre runs 

at 3 different paces (self-selected slow, medium, 

and fast) over 2 piezoelectric force plates 

embedded into the surface (Figure 1). Either left or 

right footsteps on the force plate and the 

corresponding step on the INCUS|NOVA were 

collected for each speed by all participants. 

 

Analysis 

The force plate and INCUS|NOVA data were 

uploaded to a computer, and data were synced 

using the lights and camera at the start of the force 

plate recordings. Once synced, steps on the force 

plate and the associated step in both left and right 

steps for each speed for each participant were 

Figure 1. Equipment set up 

Image 1. INCUS T-Strap 
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used to find peak force and peak vertical 

acceleration. 

Data were checked to determine normal 

distribution. This is a statistical representation of 

the distribution of variables around the mean 

(average) and shows the data that is closest to the 

mean is more frequent in occurrence than the data 

further from the mean.  Normally distributed data 

is represented in a symmetrical bell-shaped curve 

(Figure 2).  Determining normal distribution is 

important to establish which statistical methods to 

use for data analysis.  

Peak force was calculated by finding the maximum 

value of the vertical signal (Fz) from the force plate. 

In addition, peak vertical acceleration was 

calculated using the following equation:  

-1(Accz*cos(pitch)) + (Accx*sin(pitch)) 

The maximum value during each step was then 

used. 

A Pearson’s Correlation Coefficient (Pearson’s r) 

was then used to determine the relationship 

between peak force and peak vertical acceleration. 

 

Results  

All participants completed twelve runs over the 

force plate while wearing the INCUS|NOVA. Using 

data from the force plate, the peak force values 

were 2024.89 N ± 249.86 N and values for peak 

acceleration from the INCUS|NOVA were 2.65 g ± 

0.64 g for the nine participants.  

This study found that there was a strong positive 

association (r = 0.75) between peak acceleration 

(g) from the INCUS|NOVA and peak force (N) from 

the force plates (Figure 2).  An r value of 1 being 

the strongest relationship, meaning all the data 

would be in a close linear fashion. The dots in 

Figure 2 represent each step on the force plate 

(both left and right foot) and the corresponding 

step with the INCUS|NOVA. The bars demonstrate 

normal distribution of the data.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Practical application 

The main finding of this study was that the 

INCUS|NOVA can provide a means to detect peak 

accelerations. This study demonstrated that there 

was a strong positive correlation (r = 0.75) between 

peak acceleration (g) and peak force (N). These 

results are in agreement with previous literature.  

It has been shown that the use of tibial 

accelerometers provides a good approximation of 

foot impacts, in addition to high correlations 

between force plate foot strike and peak impact 

accelerations (r = >0.99) (Whelan et al, 2015). 

Rowlands et al, 2012, likewise found that 

accelerometer data from a waist mounted 

accelerometer had a positive correlation (r = 0.73) 

with GRF in activities such as walking and running.  

Due to the associations found in the literature 

between peak accelerations/peak forces and RRI’s, 

Figure 2. Positive linear relationship (r = 0.75) 

between peak acceleration (g) and peak force (N) 
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there has been an increased interest in studies 

investigating strategies that may be effective for 

reducing injury through decreasing peak forces. 

One method explored in the literature altered such 

impact forces by increasing cadence. A recent 

study had participants increase cadence by 10%, 

which led to a decrease in peak impact force 

(Musgjerd et al, 2021). Therefore, it is assumed 

that the participants with an increased cadence 

had a lower risk of RRI’s.  

Ongoing investigations from INCUS are utilising 

these peak accelerations from the INCUS|NOVA to 

predict peak forces (peak vGRFs), that can then be 

used to assess risk of injury in a natural running 

setting. Peak vGRF has been estimated using 

acceleration signals recorded by sacral mounted 

IMU (Day et al, 2021; Patoz et al, 2022) and tibial 

mounted accelerometers (Charry et al, 2013).  

Where estimating variables such as peak vGRF 

from accelerations can potentially be more 

accurate in identifying a runners’ risk of developing 

RRI’s compared to peak acceleration alone.  

Therefore, the identification of peak accelerations 

accurately, alongside further investigation of peak 

force prediction, will be important for predicting 

risk of injury and subsequently recommending 

interventions aimed to reduce these peak impact 

forces.  

 

Limitations  

This study had several limitations which may affect 

the interpretation of the results. First, although 

every attempt was made to have the participants 

run naturally over the force plate, only a single 

foot-strike was measured per 20m. The natural 

running motion was therefore restricted causing 

potential altered foot landing on the force plate. 

This is a constraint of a fixed laboratory setting, 

where subjects may not be able to replicate natural 

running patterns (Charry et al, 2013). In addition, 

collecting running kinetics using force plates can be 

associated with unnatural force plate targeting and 

limited numbers of consecutive steps. 

Moreover, it has been advised that accelerometers 

on the upper body, should not be used as an 

absolute measure of a single foot-strike impact as 

they cannot provide acceptable levels of accuracy 

(Wundersitz et al, 2013). However, this study had 

each participant run across the platform 4 times (2 

on each foot) for each of the 3 speeds to improve 

the number of single foot-strikes from the 

accelerometer that corresponded to landing on the 

force plate.  

Second, was the small sample size (n=9). Smaller 

sample sizes can affect the reliability of the data. A 

larger sample size would have helped to identify 

outliers in the data, improve confidence in the 

relationship and likely provide smaller margins of 

error.   

 

Conclusions  

The INCUS|NOVA peak accelerations of each step 

were found to have a strong correlation with peak 

force for each step on the force plates. These 

results suggest that using INCUS|NOVA can 

provide a means to detect peak accelerations 

during running accurately. Therefore, peak 

acceleration will be a useful metric to detect 

and/or predict risk of injury in runners.
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