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function:6 heel raise height, CMJ height, and 
total repetitions of heel raises on the 25° 
slope. Patients then wore an instrumented 
force-sensing insole (Loadsol) at home over 
a 2-week span, from which we estimated 
their Achilles tendon load at home using 
our validated physics-based algorithm.7 We 
stratified the Achilles tendon load estimates 
at 2 pre-defined thresholds: “overall” load 
0.3 body weight (BW) related to all 
general daily living activities,8 and “high” load 
3.0BW resulted exclusively from dynamic 
movements.8 We quantified cumulative 
loading times as the total time when tendon 
load is above the overall or high threshold, 
and cumulative impulses as the integral of 
overall or high load over their respective 
loading time (Figure 1, insets). We normalized 
these cumulative loads by the total overall 
loading time to control for the varied insole 
wear times across the patients. We computed 
the Pearson correlations between sensor-
based, normalized cumulative Achilles tendon 
loads and motion capture-based plantarflexor 
dynamic functional measures. We defined a 
correlation coefficient |r|  0.6 as strong, 
0.4–0.6 as moderate, and  0.4 as weak.9

Results
15 patients (46.7    12.0 y/o, BMI: 

32.9    9.9 kg/m2) wore an insole sensor 
for 10.1  2.2 (6–14) days and accumulated 
0.98    0.18 BW (0.69–1.27) of overall 
tendon load per hour. As a subset of the 
overall load, patients cumulated 0.08  0.07 
BW (0–0.21) of high tendon load per hour, 
which was more variable than the cumulative 
overall load. During in-lab functional testing, 
patients had an average heel raise height 
of 9.6    2.6 cm (5.1–14.8), CMJ height of 
16.4    6.4 cm (10.0–31.5) and completed 
17.6  6.5 sloped heel raise repetitions (4–27; 
no patient reached 30). Overall cumulative 
tendon load per hour was moderately 
correlated to heel raise height (r  .443), and 
weakly to CMJ height (r   .210) and sloped 
heel raise repetitions (r  .128; Figure 1, left). 
In contrast, reduced high tendon load per 
hour was strongly correlated to lower heel 

Introduction
Achilles tendinopathy is painful condition 

that often debilitates physically active 
individuals.1 Rehabilitation exercises with 
loading progression is a gold standard 
for treatment,2 yet 35–60% of patients still 
experience pain at 5 years post physical 
therapy,3,4 50% seek alternative treatments,4 
and functional recovery statuses vary greatly 
among patient subgroups.5 Clinicians typically 
assess functional recovery via a test battery of 
dynamic movements.5,6 However, it is unclear 
whether dynamic function assessed in the 
clinic matches the real-world physical activity 
behaviors of the patients.5 A major challenge 
in translating the in-clinic functional gains 
into the real world is to reliably quantify 
Achilles tendon loading from activities and 
exercises that patients perform in daily living. 
Our group is developing wearable sensor-
based paradigms to monitor Achilles tendon 
load outside of the lab7 and determine its 
relationships with clinical outcomes in 
Achilles tendinopathy. The goal of this study 
was to quantify plantarflexor function during 
dynamic movements in patients with Achilles 
tendinopathy and their associations with 
sensor-measured cumulative Achilles tendon 
load during daily living.

Methods
We enrolled 15 patients with either 

midportion or insertional Achilles 
tendinopathy after informed consent in 
this IRB-approved study. They performed 
a clinically established exercise battery6 in 
our lab to test their plantarflexor dynamic 
function on the tendinopathic side, in the 
following order: 10 double-leg heel raises, 
5 single-leg countermovement jumps (CMJ), 
then consecutive single-leg heel raises on 
a 25° inclined slope until 30 repetitions 
or physical exhaustion. We captured each 
movement using 8 synchronized high-
resolution cameras (Optitrack), quantified 
body segment positions using a computer 
vision-based markerless motion tracking 
algorithm (Theia3D) and calculated 3 clinically 
relevant kinematic measures of plantarflexor 
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plantarflexor functional metrics were moderate-to-strongly 
correlated to cumulative high Achilles tendon load but not to 
overall load, suggesting the performance on these in-clinic 
functional tests better translates to the ability to perform 
high-load activities in daily living rather than general 
activities. Patients who exhibit plantarflexor functional 
deficit during double-leg heel raises in the lab also had 
reduced high cumulative load in daily living, supporting 
that this routine clinical test is effective in evaluating the 
tendon high-loading ability. The associations were notably 
movement-dependent: while the on-floor double-leg heel 
raises identified tendon loading ability well, CMJ and sloped 
single-leg heel raise tests were less effective. Correlations 
were mostly weak to the overall tendon load related to 
general activities, which suggest the basic functional 
recovery for Achilles tendinopathy patient subgroups who 
are not activity dominant5 may be better evaluated using 
insole-based cumulative overall load than the dynamic 
movement battery. Our ongoing work is recruiting a larger 
cohort to confirm how tendon load and dynamic function 
differ among patient subgroups and explicitly define how 
real-world cumulative tendon load affects Achilles tendon 
health in this diverse patient population.

Clinical Relevance
Cumulative tendon loading is a key contributing factor 

to Achilles tendinopathy. Our results confirm the value 
of leveraging wearable sensors to establish a rigorous 
strategy for quantifying cumulative Achilles tendon 
loads that are specific to patient daily living. Our sensor 
monitoring paradigm provides a powerful tool to identify 
tendon loading profiles that objectively represent the real-
world functional recovery status. Clinicians can use sensor-
based load data to customize rehabilitation exercises and 
evaluation protocols for better translating the in-clinic 
functional gains of physical therapy toward real-world 
recovery in Achilles tendinopathy patients.
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raise height (r  .743), and moderately to CMJ height and 
sloped heel-raise repetitions (r < 0.5; Figure 1, right).

Discussion
Our study is the first to monitor real-world Achilles 

tendon loads for 2 weeks and associate cumulative tendon 
loading with plantarflexor function. We found that in-lab 

Figures 1. Cumulative Achilles tendon load measured by insole sensor vs. clinical measures of dynamic 
plantarflexor function in 15 patients (colored dots). (Left) overall tendon load ( 0.3BW) per hour 
was moderately correlated to heel raise height (top) and weakly to CMJ height (middle) and sloped 
heel raise repetitions (bottom). (Right) high tendon load ( 3.0BW) per hour was strongly 
correlated to heel raise height and moderately to CMJ height and sloped heel raise repetitions. (Inset 
diagrams) illustrate the 2 definitions of normalized cumulative Achilles tendon load.



	 SENSOR-MEASURED ACHILLES TENDON LOAD IS ASSOCIATED WITH PLANTARFLEXOR DYNAMIC FUNCTION IN ACHILLES TENDINOPATHY	 217

VOLUME 35, JUNE 2025

8. Baxter JR, Corrigan P, Hullfish TJ, et al. Exercise progression to incrementally load the Achilles tendon. 
Med Sci Sports Exerc 2021; 53(1): 124–30.
9. Evans JD. Straightforward Statistics for the Behavioral Sciences. Pacific Grove (CA): Brooks/Cole 
Publishing Co; 1996. 624 p.

5. Hanlon SL, Pohlig RT, Silbernagel KG. Differences in recovery of tendon health explained by midportion 
Achilles tendinopathy subgroups: a 6-month follow-up. J Orthop Sports Phys Ther 2023; 53(4): 217–34.
6. Corrigan P, Hornsby S, Pohlig RT, et al. Tendon loading in runners with Achilles tendinopathy: relations 
to pain, structure, and function during return-to-sport. Scand J Med Sci Sports 2022; 32(8): 1201–12.
7. Hullfish TJ, Baxter JR. A simple instrumented insole algorithm to estimate plantar flexion moments. Gait 
Posture 2020; 79: 92–5.


	Untitled

