
  

  

Abstract— Sufficient range of motion of the knee joint is 

necessary for performing many activities of daily living. 

Ambulatory monitoring of knee function can provide valuable 

information about progression of diseases like knee 
osteoarthritis and recovery after surgical interventions like 

total knee arthroplasty. In this paper, we describe a skin-

mounted, conformal, accelerometer–based system for 

measuring knee angle and range of motion that does not 

require a skilled operator to apply devices. We establish the 
accuracy of this technique with respect to clinical gold standard 

goniometric measurements on a dataset collected from 

normative subjects during the performance of repeated bouts 

of knee flexion and extension tests. Results show that knee 

angle and range of motion estimates are highly correlated wi th  
goniometer measurements, and track differences in knee angl e 

and range of motion to within 1%. These results demonstrate 

the ability of this system to characterize knee angle and range  

of motion, enabling future longitudinal monitoring of knee 

motion in naturalistic environments. 

I. INTRODUCTION 

The ability to flex and extend the knee is a fundamental 
requirement of completing activities of daily living [1].  This 

ability is typically quantified by considering the range of 
motion (ROM) of the joint, where the 95% confidence 

interval achieved by normative subjects is 132-133 degrees 

[2] and, in general, an active knee flexion of 135 degrees is 
considered acceptable for healthy adult populations [1], [3].  

There is a well established relationship between the ability to 
complete daily activities without aid and patient reported 

quality of life, and as such, it is important to understand the 
mechanisms limiting functional ability [4]. 

For specific clinical populations, like patients suffering 

from knee osteoarthritis (OA) and recovering from total knee 
arthroplasty (TKA), knee ROM is an important endpoint to 

monitor for assessing disease/rehabilitation progress ion and 
intervention efficacy. Several studies have explored the 

relationship between knee OA severity, as characterized by 
Kellgren-Lawrence Radiographic Scores (KLs), and knee 

ROM deficits (e.g., see [5]).  In a study of 20 patients with 

bilateral knee OA, there was a significant negative correlation 
between ROM and KLs, where higher KLs are associated 

with more severe OA [5]. The recovery of knee ROM is 
important to monitor closely during the phase immediately 

post-op from TKA, where early plateau of knee ROM is an 
indicator of surgical complications that limit eventual joint 

mobility, and needs to be identified quickly as treatment 
options diminish with time [6].    
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 Knee ROM is often characterized in clinical settings 
using a standard handheld goniometer [7], [8].  While this 

technology builds markedly on the visual assessments 
previously used, there are still significant inter- and intra-

rater reliability issues [7], [9].  Moreover, manual goniometry 
can only be used for static assessments of knee ROM and 

requires a trained user to palpate bony anatomical landmarks 

[10]. To mitigate these limitations, researchers have 
developed methods for measuring joint angle and ROM that 

rely on data from a tri-axial accelerometer and angular rate 
gyroscope combined to form an inertial measurement unit 

(IMU) [11]–[13]. These techniques enable measurement of 
knee angle and ROM outside clinical environments, but the 

use of an angular rate gyroscope increases device cost, and 
drastically reduces its battery life, limiting translation to in-

home, longitudinal monitoring.  Several techniques exist for 

estimating knee ROM using accelerometers alone, but these 
techniques require that users either index a handheld device 

against bony anatomical landmarks [14], or place a wearable 
device so that its axes are aligned with the anatomical axes of 

the body [15]. Either limitation significantly hinders 
translation of these techniques to home-based longitudinal 

monitoring. 

Building on this existing body of research, we propose a 
technique for quantifying knee angle and ROM using 

wearable accelerometers that are directly secured to the skin 
of the thigh and shank. This approach requires neither exact 

placement of the devices nor a trained rater for measuring 
joint motion.  We establish the accuracy of this method by 

comparing to gold standard goniometric measurements of 

knee angle and ROM. 

II. METHODS 

A. Study Design 

This study was designed using the BioStampRC 
Investigator Portal (MC10, Inc. Lexington, MA) to assess 

accuracy of an accelerometer-based system for characterizing  
knee angle and ROM during the performance of static knee 

flexion/extension tests with respect to measurements 

performed by human raters with a goniometer. Activities 
included a standing and walking calibration followed by three 

repetitions of knee flexion and knee extension tests. 

B. Instrumentation 

Two BioStampRC devices (Fig. 1(a)) were used to 
instrument study subjects. During testing sessions, the 

BioStampRC devices logged accelerometer (measurement 
range: ±4g) data sampled at 50 Hz to onboard flash memory. 

Accelerometer samples were recorded with corresponding 
absolute timestamps enabling direct analysis of the data 

sampled from the two devices. The timestamp associated 
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with initiation and conclusion of each test, and the associated  

knee angle measured by each rater, were recorded with the 
BioStampRC Investigator App. Data from the BioStampRC 

devices were then downloaded to the BioStamp RC 
Investigator App and uploaded to the MC10 Cloud 

Computing Infrastructure for processing and analysis . 

C. Subjects 

Subjects were recruited from a normative population of 

MC10 employees. Thirteen subjects were enrolled in the 

study, data from 3 subjects were discarded because of 

experimenter error (2 palpation errors and 1 protocol error), 

yielding a total of N=10 subjects (sex: 9M, 1F; age: 30.7 +/- 

7.9 years) for analysis. 

D. Experimental Protocol 

Following collection of informed consent, subjects were 

instrumented with 2 BioStampRC sensors secured to the 

skin medially on the anterior thigh and anterior shank as 

indicated in Fig. 1(b). The greater trochanter, lateral femoral 

epicondyle, and lateral malleolus were palpated on the 

instrumented leg of each participant, and marked with green 

adhesive circles (Fig 1(b)) [10]. Following an instruction and 

familiarization phase, each subject performed two 

calibration activities: (1) 10 seconds of s tanding still in a 

neutral posture (standing calibration) and (2) 30 seconds of 

walking at a comfortable pace (walking calibration). After 

the calibrations, subjects performed 3 repeated bouts of an 

active maximum extension test, and 3 bouts of an active 

flexion test where subjects were instructed to flex their knee 

to approximately 45 deg, 90 deg, and maximally. 

Descriptions of each test are below: 

1) Active Flexion: Subject begins test lying supine on a 

comfortable surface with legs straight. They are then 

instructed to slide their heel along the surface toward 

the hip until the desired flexion angle is achieved.  

2) Active Maximum Extension: Subject begins test lying 

supine with legs straight. They are then instructed to 

extend their knee until maximal extension is achieved, 

a pillow is placed under their heel, and they are 

instructed to relax.    

The knee angle achieved in each test was recorded using a 

standard 12-inch, ISOM certified, goniometer (Elite Medical 

Instruments, Fullerton, CA) by two raters (A and B).  The 

pivot of the goniometer was aligned with the lateral femoral 

epicondyle, the proximal leg was aligned with the greater 

trochanter, and the distal leg was aligned with the lateral 

malleolus. Determination of starting rater (A or B) and type 

of joint motion (flexion or extension) was randomized. 

Raters were blinded to each other’s recorded angles .  

E. Knee Angle and ROM Estimation 

The calculation of knee angle and ROM begins by 

defining two anatomical calibrations. These calibrations are 

specified by the direction cosine matrices 𝑅𝑇  and 𝑅𝑆  for the 

thigh and shank, respectively. Each direction cosine matrix 

enables projection of the accelerometer data resolved in the 

measurement frame of the device (thigh: 𝐹𝑀𝑇 , shank: 𝐹𝑀𝑆 ) 

onto the anatomical frame of each body segment (thigh: 𝐹𝐴𝑇 , 

shank: 𝐹𝐴𝑆 ). The anatomical frames 𝐹𝐴𝑇  and 𝐹𝐴𝑆  are defined 

by the orthonormal vector triads (𝑖�̂� , 𝑗̂𝑇 ,𝑘𝑇 ) and (𝑖�̂� , 𝑗̂𝑆 ,𝑘𝑆), 

respectively (Fig. 1(b)).  The anatomical axes are orientated 

such that 𝑘𝑇 and 𝑘𝑆 are approximately aligned with the 

flexion/extension axis of the knee, 𝑗̂𝑇 and 𝑗̂𝑆 are 

approximately aligned with the longitudinal axis of each 

segment, and 𝑖�̂�  and 𝑖�̂�  are approximately aligned with the 

anterior axis of each segment. The device measurement 

frames 𝐹𝑀 𝑇  and 𝐹𝑀𝑆  are defined by the orthonormal vector 

triads (𝑥 𝑇,𝑦𝑇 , �̂�𝑇) and (𝑥𝑆 ,𝑦𝑆 , �̂�𝑆), respectively (Fig. 1(b)).  

The calculation of 𝑅𝑇  and 𝑅𝑆  for each subject relies on data 

sampled from each BioStampRC device during the two 

functional calibration activities. Accelerometer data from the 

thigh (�⃗�𝑀𝑇) and shank (�⃗�𝑀𝑆) devices can be modeled as the 

linear combination of the translational acceleration 

(𝑎𝑀𝑇 , 𝑎𝑀𝑆), the acceleration due to gravity (𝑔𝑀𝑇 , 𝑔𝑀𝑆), and 

white noise (�⃗⃗⃗�𝑀𝑇 , �⃗⃗⃗�𝑀𝑆 ) as per  

 �⃗�𝑀𝑇,𝑀𝑆 = 𝑎𝑀𝑇,𝑀𝑆 + 𝑔𝑀𝑇,𝑀𝑆 + �⃗⃗⃗�𝑀𝑇 ,𝑀𝑆  

During the standing calibration, we assume that the 

translational acceleration is negligible relative to the 

gravitational acceleration (‖𝑔𝑀𝑇 ,𝑀𝑆‖
2

≫ ‖𝑎𝑀𝑇,𝑀𝑆‖
2
), so an 

average of the accelerometer measurements sampled from 

each device yields the direction of gravity resolved in 𝐹𝑀𝑇  

and 𝐹𝑀𝑆 , respectively.  We further assume that the 

longitudinal axis of each body segment (𝑗̂𝑇, 𝑗̂𝑆) is aligned 

with the direction of gravity, allowing us to define 𝑗̂𝑇 and 𝑗̂𝑆 

in terms of components resolved in 𝐹𝑀𝑇  and 𝐹𝑀𝑆 , 

respectively, as per 

 𝑗̂𝑇,𝑆 = �̅�𝑇𝑥,𝑆𝑥𝑥 𝑇,𝑆 + �̅�𝑇𝑦,𝑆𝑦 �̂�𝑇 ,𝑆 + �̅�𝑇𝑧,𝑆𝑧 �̂�𝑇,𝑆  

where (�̅�𝑇𝑥, �̅�𝑇𝑦 , �̅�𝑇𝑧) and (�̅�𝑆𝑥, �̅�𝑆𝑦 , �̅�𝑆𝑧) are the averaged 

accelerometer data along each axis of 𝐹𝑀𝑇  and 𝐹𝑀𝑆 , 

respectively, and normalized by the vector magnitude such 

that �̅�𝑇𝑥
2 + �̅�𝑇𝑦

2 + �̅� 𝑇𝑧
2 = 1 and �̅�𝑆𝑥

2 + �̅�𝑆𝑦
2 + �̅�𝑆𝑧

2 = 1. 

Next, we define the anatomical axes of the thigh and shank 

approximately aligned with the flexion/extension axis of the 

knee (𝑘𝑇, 𝑘𝑆). Normal walking is often modeled as a planar 

motion, suggesting that relevant changes in acceleration are 

largely constrained to the sagittal (𝑖�̂� − 𝑗̂𝑇, 𝑖�̂� − 𝑗̂𝑆) plane. 

Therefore, we assume that the first principal component 

(axis of maximum acceleration variance) identified from 

data during the walking calibration is also contained within 

the sagittal plane.  This assumption enables construction of 

𝑘𝑇 and 𝑘𝑆 in terms of components resolved in 𝐹𝑀𝑇  and 𝐹𝑀𝑆 , 

respectively, as per 

 𝑘𝑇,𝑆 = 𝑐̂𝑇,𝑆 × 𝑗̂𝑇,𝑆  / ‖𝑐̂𝑇,𝑆 × 𝑗̂𝑇,𝑆‖
2
 

where 𝑐̂𝑇  and 𝑐̂𝑆 are the first principal components of the 

thigh and shank accelerometer data. The signs of 𝑐̂𝑇 and 𝑐̂𝑆 

are adjusted to ensure that they point in the anterior direction  

for each segment based on known device placement. Finally, 

the anterior axis of each segment is defined following 

standard right-hand convention, thereby enabling calculation  

of the direction cosine matrices 𝑅𝑇  and 𝑅𝑆  [11].  



  

 
Having established the anatomical reference frames, we 

now turn to the calculation of the knee flexion/extension 

angle.  Specifically, we low pass filter �⃗� 𝑀𝑇 and �⃗�𝑀𝑆  using a 
3rd order elliptic IIR filter with a cutoff frequency of 2 Hz to 

isolate 𝑔𝑀𝑇  and 𝑔𝑀𝑆 .  We then resolve vector quantities in 

respective anatomical reference frames as per 

 �⃗�𝐴𝑇 ,𝐴𝑆 = 𝑅𝑇 ,𝑆𝑔𝑀𝑇,𝑀𝑆  

These values are projected onto the joint plane (𝑖�̂� − 𝑗̂𝑇, 𝑖�̂� −
𝑗̂𝑆) and used to define the knee angle (𝛾) by considering the 

segmental angles for the thigh (𝛾𝑇 ) and shank (𝛾𝑆) illustrated 

in Fig. 2, where angles are measured in the indicated 
directions and counterclockwise angles are considered 

positive (as illustrated, 𝛾𝑇 < 0 and 𝛾𝑆 < 0). The segmental 

angles (𝛾𝑇 , 𝛾𝑆) are defined using established four-quadrant 
inverse trigonometric functions 1, allowing definition of the 

knee joint angle as per 

 𝛾 = 𝛾𝑆 − 𝛾𝑇  

where positive values of 𝛾 correspond to flexion and 

negative values correspond to hyper extension. To ensure 

that knee angle is estimated once the subject has reached a 

steady state during the flexion and extension tests, we 

identify two distinct phases in the data – the gross motion 

phase and the measurement phase (Fig. 3). The gross motion 

phase is identified as the first instant during the activity 

when the knee angular velocity is greater than 10 deg/s. 

 
1
 For example, 𝛾𝑇 = 𝑎𝑡𝑎𝑛2(�⃗�𝐴𝑇 ∙ 𝑗�̂� , �⃗�𝐴𝑇 ∙ 𝑖�̂� ) 

 
The measurement phase is defined as the 2-second window 

of data following the gross movement phase with average 

knee angular acceleration closest to zero. Knee ROM for a 

given subject is computed by taking the difference between 

the median knee angles achieved during the measurement 

phase of a flexion and extension test.   

F. Statistical Analysis 

Goniometric measurements of knee angle and the overall 

knee ROM, are compared across raters (A and B). 
Measurements of the extreme knee angles and knee ROM 

from Raters A and B are averaged (𝛾𝐺𝑂𝑁 ) and compared to 

values estimated by the accelerometer-based measurement 
system described herein (𝛾𝐴𝐶𝐶 ).  The Bland-Altman limits of 

agreement are reported for each comparison in addition to the 

Pearson product moment correlation coefficient (𝑟), and the 

slope (𝑚) and intercept (𝑏) of the following linear model 

 𝛾𝐺𝑂𝑁 = 𝑚 ∙ 𝛾𝐴𝐶𝐶 + 𝑏  

The Bland-Altman limits of agreement describe the 95% 

confidence interval for the difference between measurement 
techniques which provides an indication of the minimal 

detectable difference in knee angle [7], the intercept (𝑏) 

indicates the systematic difference between measurement 
techniques, and the slope (𝑚) indicates the how closely one 

measurement technique is able to detect changes in the other. 

III. RESULTS 

A time series of the knee angle estimates during a 

representative flexion test is illustrated in Fig. 3. The gross 
motion (red) and measurement (green) phases are 

highlighted. Notice that there is an 8 deg. change in knee 
angle between the end of the gross motion phase and the 

measurement phase. 
The Bland-Altman plot in Fig. 4a illustrates the agreement 

between knee angle measurements performed by Rater A and 

Rater B using the manual goniometer.  Each point on the 
plot, where the y-coordinate is the difference between the 

raters and the x-coordinate is the average between the raters, 
corresponds to a single test (flexion=blue, extension=red). 

Goniometric measurements are averaged across raters for 
each test and compared to the accelerometer estimates of 

knee angles in Fig. 4b. 
For both the goniometer and accelerometer measurement 

techniques, we combine results from the flexion and 

extension tests to yield estimates of knee ROM. The Bland-
Altman plot of Fig. 5a illustrates the inter-rater agreement in 

goniometric measurements of range of motion. As before, 
goniometric estimates are averaged across raters  for each tes t  

and compared to accelerometer derived range of motion 
estimates in Fig. 5b. The mean difference and Bland-Altman 

limits of agreement are reported in Table I.  

 

Fig 1. BioStamp device (a), and locations, reference frames and 
anatomical landmarks (c). 

 

Fig 2. Segmental angles (𝛾𝑇, 𝛾𝑆) used to define the knee joint angle (𝛾) 



  

 
For each comparison (A-B Angle, Gon-Acc Angle, A-B 

ROM, Gon-Acc ROM), we calculate five metrics to 

summarize the difference between measurements: the Bland-
Altman limits of agreement (BA), the Pearson product 

moment correlation coefficient (r), and the slope (m) and 
intercept (b) of regression analyses (6)(Table I). 

TABLE I.  DIFFERENCE METRICS, WHERE BA: BLAND-ALTMAN LIMITS 

OF AGREEMENT, r: PEARSON PRODUCT MOMENT CORRELATION 

COEFFICIENT, b: REGRESSION INTERCEPT, m: REGRESSION SLOPE 

Comparison BA r b m 

A–B Angle (-4.30, 5.87) > 0.99 -0.15 1.02 

Gon – Acc Angle (-16.93, 20.69) 0.99 -2.16 1.01 

A–B ROM (-3.28, 8.55) > 0.99 -5.89 1.03 

Gon – Acc ROM (-8.86, 5.04) 0.99 2.39 1.00 

IV. DISCUSSION 

The results of Fig. 4a demonstrate that Rater A estimates 

larger amplitude knee motion in each direction (flexion and 
extension), however, estimates between raters are highly 

correlated (r > 0.99), and these differences manifest as a 
systematic angle bias (b) of only -0.15 degrees. Moreover, 

Rater B is able to track differences (m) in knee angle to 
within 2% of Rater A. These error statistics yield a 95% 

confidence interval for the difference between measurements 

(BA) of (-4.30, 5.87) degrees. Combining the measured knee 
angles to form estimates of knee ROM yields slightly higher 

errors, as each ROM estimate contains error sources from 
two distinct measurements. Specifically, estimates of ROM 

across raters are highly correlated (r > 0.99) and estimates 
from Rater B characterize differences (m) to within 3% of 

those measured by Rater A. However, the systematic 

differences between raters noted in Fig. 4a, yield a 5.89-
degree overestimate of ROM by Rater A when compared to 

Rater B. The 95% confidence interval for the difference in 
ROM estimates between raters (BA) is (-3.28, 8.55). As 

evidenced in Fig. 5a, these differences remain consistent 
across knee ROMs ranging from 45 to 145 degrees. The 

Bland-Altman limits of agreement establish a minimum 

detectable difference for these raters utilizing a goniometer 
for measuring knee angles and ROM. This performance is 

similar to other published results [7], where limits of 
agreement across two trained physical therapists were (-

14.60, 14.70) for flexion and (-7.30, 9.00) for extension, 

therefore supporting our use of these measures for 

characterizing accuracy of this new measurement technique. 

The accuracy of the accelerometer-based knee angle 

estimates are established by comparing the value for each 

knee motion test to the averaged knee angle acros s the two 

raters. The Bland-Altman plot of Fig. 4b and error statistics 

in Table I (Gon–Acc Angle), demonstrate that the proposed 

method slightly underestimates the goniometer-measured 

knee angle (b=-2.16 degrees), and does so consistently for 

both extension and flexion tests. Moreover, there is 

significant variability in the measured angle as evidenced by 

the expanded Bland-Altman limits of agreement (-16.93, 

20.69). Despite this variability, the accelerometer estimates 

of knee angle are highly correlated (r = 0.99) with the 

goniometer measurements, and they track changes (m) to 

within 1%. These results suggest that differences between 

accelerometer estimates and goniometer measurements are 

primarily due to differences in the definition of the neutral 

(𝛾=0) knee angle. Specifically, goniometric measures of 

knee angle are defined such that alignment between the 

grater trochanter, lateral femoral condyle, and lateral 

malleolus anatomical landmarks correspond to a knee angle 

of 0 degrees. In contrast, the accelerometer-based algorithm 

presented herein assumes that subjects achieve a knee angle 

of 0 degrees when standing in a neutral posture. Angle 

differences between these definitions of neutral are subject-

specific, and range from -15 to 15 deg. for the 10 subjects 

considered.       

 

 
Fig 3. Knee angle time series during representative flexion knee 

motion tests.  The gross movement phase is highlighted in red while 
the measurement phase is highlighted in green.  

 
Fig 4.  Bland-Altman plots of agreement between Rater A and Rater B 
(a) and goniometer and accelerometer (b) measured knee flexion (blue) 

and extension (red) angles during the knee motion tests.  The solid 
black line indicates the mean difference between measurement 

techniques, and the dashed black lines indicate the Bland-Altman 
limits of agreement (95% confidence interval). 



  

 
These baseline differences in knee angles quantified using 

the two measurement techniques do not contribute to 

differences in the knee ROM.  The Bland-Altman plot of 

Fig. 5b and error statistics in Table I (Gon–Acc ROM), 

demonstrate that the accelerometer-based method slightly 

overestimates (b=2.39) the knee range of motion relative to 

the goniometer.  However, estimates are highly correlated (r 

= 0.99), and the accelerometer-based system is able to 

quantify differences in ROM (m) to within less than 1% of 

those measured by the goniometer.  The 95% confidence 

interval for the difference between accelerometer and 

goniometer estimated knee ROM is (-8.86, 5.04).  

Ultimately, these differences are quite similar to the 

differences between individual raters using the goniometer, 

which suggests a level of agreement sufficient for 

characterizing knee ROM in clinical settings.  

V. CONCLUSION 

In this paper, we present an accelerometer-based 

technique for estimating knee angle and ROM that utilizes a 

new flexible, skin-mounted wearable technology. This 

technique improves upon existing methods for measuring 

knee angle that require additional data sources (i.e. angular 

rate gyro) or a skilled operator.  We established the accuracy 

of this measurement approach relative to a manual 

goniometer, which is a clinically accepted standard, on a 

sample of normative subjects, and achieved knee angle and 

ROM estimates that are highly correlated with goniometer 

measurements (r = 0.99), and able to quantify differences in 

knee angle and ROM to within 1%. These results 

demonstrate the ability of this system to characterize knee 

angle and ROM. The skin-worn technology used for tracking 

knee range of motion provides a compelling option for 

longitudinal monitoring of joint motion, and in naturalistic 

environments as it is comfortable to wear and, unlike the 

goniometer, does not require the presence of a trained 

clinician or manual palpation of anatomical landmarks .  
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Fig 5. Bland-Altman plots of agreement between Rater A and Rater B 

(a) and goniometer and accelerometer (b) measured knee range of 
motion.  The solid black line indicates the mean difference between 

measurement techniques, and the dashed black lines indicate the 
Bland-Altman limits of agreement 


