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Abstract— Current state-of-the-art measurement of human
joint angles involves optical motion capture coupled with
inverse kinematics using an assumed biomechanical model.
This method is limited to measurement within a fixed volume
using expensive equipment. Inertial measurement units offer a
low-cost alternative to motion measurement, but suffer from
sensor drift and calibration of the sensor to the measured
human body segment. This work presents a method to estimate
the knee flexion-extension axis using inertial sensing, which
requires no calibration alignments or pre-specified motions.
Preliminary results for two subjects estimate the human knee
flexion/extension angle to an accuracy of 3.05 degrees RMSE
compared to optical motion tracking. Further preliminary
results suggest that error is knee-angle-dependent. Ongoing
work seeks to model the human knee axis orientation as a
function of knee angle.

I. INTRODUCTION

Human motion is characteristically non-smooth and uncor-
related in time [11], which presents challenges for measure-
ment and modeling. While there are a variety of computer
vision approaches for measuring human motion [8], optical
motion capture represents the current gold standard. Optical
motion capture tracks the position of markers in space,
but mapping of these coordinates to human joint angles
requires an assumed model, such as OpenSim [4]. From
markers specifically placed on major anatomical landmarks
of the body, an optimization problem to fit a model may be
formulated to estimate the joint angles of interest. While
this approach is common, it is fiscally expensive as it
requires a laboratory environment with expensive hardware
and extensive post-processing.

Inertial sensors offer a less expensive alternative that
can leave the lab environment with potential for on-line
estimations. Previous inertial sensing for estimating the
knee flexion/extension joint angle has been performed using
two IMUs with one placed on the shank and one on the
thigh of the human subject. A common method of angle
estimation involves aligning the IMUs on the body with
the knee hinge axis, such that rotations about the aligned
axis may be interpreted as anatomical rotation of the knee
about its hinge axis [5]. To eliminate the need for precision
alignment, biomechanical models of human joints [7], [2]
have been developed which take advantage of known kine-
matic constraints. These methods have also included careful
calibrations, either by static IMU alignment, pre-set dynamic
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motions, or augmented optical motion capture systems. How-
ever, these methods are limited by the assumptions made on
the underlying biomechanical model. Recently, Seel et al.
[10] and Mueller et al. [9] have explored online methods
to estimate the underlying joint axes for the biomechanical
model which require little or no functional calibration. Fol-
lowing the estimation of joint axes, the corresponding joint
angles can be decomposed.

Here we present a method for estimating the human knee
axis using principle component analysis (PCA) enabling
efficient, online estimation of the flexion/extension joint
angle, without assuming an IMU alignment or the need
for pre-defined functional calibrations, requiring only natural
human motion. Preliminary data are presented using this
methodology.

II. PROBLEM FORMULATION

The human knee joint is commonly modeled as a sin-
gle degree-of-freedom (DOF) hinge joint (flexion/extension).
Other rotations of the knee include internal/external rotation
and varus/valgus. These rotations are generally considered
small [6] and were not estimated here.

An IMU can be placed both distal and proximal to the
knee joint, such that all relative motions between the IMUs
occur at the knee joint. No assumption of alignment of the
IMUs are made.

The coordinate frame of the IMU on the thigh will be
referred to as frame A, and likewise, the frame of the
IMU on the shank will be referred to as frame B. The
flexion/extension axis of the knee will be referred to as axis
~a. As such, the anatomical axis ~a expressed in frame A will
be noted as ~aA and expressed in frame B as ~aB. Angular
velocity is expressed as ~ω , and DB

A is the rotation matrix
from frame B to frame A.

The relative angular velocity between the two IMUs can
be expressed in frame A as:

~ωA
rel = −~ωA

thigh + ~ωA
shank = −~ωA

thigh +DB
A~ωB

shank (1)

Disregarding noise and estimation error, the direction of
the relative angular velocity vector between two IMUs will
point in the direction of the axis of which the IMUs rotate
relative to each other. In this case, we interpret that axis to be
the human knee hinge axis. A robust and computationally-
efficient method to produce a best single estimate of the
axis of rotation, ~aA is through principle component analysis
(PCA). The principle component of the PCA on the set of
vectors ~ωA

rel will represent the axis which minimizes the



sum of the square errors of the orthogonal distances of
individual vector measurements to the estimated principle
axis. Once the axis ~aA has been estimated via PCA, the
knee flexion/extension angle can be computed about this
anatomical axis via the Davenport 1D method [3].

An additional advantage of PCA is its robustness to sign
ambiguity when the direction of the vectors ~ωA

rel flips. The
sign of this quantity will be positive in either flexion or
extension, and negative in the opposite motion. Without
assuming alignment of the IMUs, this cannot be avoided.
Poorly-posed optimization problems may be confounded by
this sign ambiguity, i.e., there are two solutions to this axis
estimation problem. However, PCA remains robust as it
minimizes the orthogonal distances of measurements to the
principle axis.

III. METHODS

Two participants (65-year-old and 23-year-old females)
provided written consent. The experimental protocol was
approved by the MIT Committee on the Use of Humans as
Experimental Subjects. Participants performed three tasks:
standing balance, 10 meter walk, and a timed-up and go
(TUG). Here we use the data from the TUG task to evaluate
the proposed algorithm. The TUG task involved sitting in a
chair, standing and walking 5 meters, turning around, walk-
ing 5 meters back to the starting location, and sitting back
down. Researchers placed IMUs and passive motion capture
markers on the participants. Each participant practiced the
task to verify instructions were understood, then completed
ten TUG trials. Kinematics were recorded using a Vicon
motion capture system. Knee angle was estimated using (1)
inverse kinematics with OpenSim using the lower extremity
gait 2354 model [4] and (2) using the PCA method. The
comparison between joint angle estimation was performed
using a Bland-Altman test [1]. Vicon data was taken at
100Hz and then upsampled to match the IMU sample rate
of 128Hz.

IV. RESULTS

Preliminary analysis of the 20 trials from the two subjects
finds a root-mean-square-error (RMSE) of 3.05 degrees
between the proposed method and ground truth. Preliminary
Bland-Altman analysis has shown an r2 correlation of 0.96,
with a 95% confidence interval of measurement error be-
tween +5.5 and −6.5 degrees (N=21340). Visual inspection
of the Bland-Altman plots suggest a nonlinearity near the
extremes of the flexion/extension domain. The data suggest
that error is higher at the most extended knee orientation.

V. DISCUSSION AND ONGOING WORK

The increased error near full extension of the knee is likely
due to skin tissue artifacts of the inertial sensor on the thigh.
Ongoing work seeks to weight the relative angular velocity
measurements for PCA analysis, which may reduce the effect
of induced error at full knee extension. Additional error may
be induced by the assumption that the knee hinge axis is
constant in the inertial frames A and B. Further work seeks

Fig. 1. A subset of data for the trial from the 65-year-old participant,
showing the knee angle as estimated through motion capture methods (blue)
and PCA with Davenport decomposition (orange)

to model a dynamic knee hinge axis as a function of knee
flexion/extension angle.
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