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Supplementary Methods

In the absence of measurement error, the accelerations {ax, ay, az} sensed at an

arbitrary point on a rigid body are given by the equations:

ax = αx + (−r2 − q2)x+ (−ṙ + pq)y + (q̇ + pr)z

ay = αy + (ṙ + pq)x+ (−r2 − p2)y + (−ṗ+ qr)z

az = αz + (−q̇ + pr)x+ (ṗ+ qr)y + (−p2 − q2)z

where {αx, αy, αz} is the acceleration at the centre of mass, {p, q, r} is the angu-

lar velocity, {ṗ, q̇, ṙ} is the angular acceleration, and {x, y, z} is the displacement

of the IMU from the centre of mass (Stengel, 2004). These equations are lin-

ear in {x, y, z}, and it is therefore possible to estimate the mean displacement

{x̄, ȳ, z̄} over all i ∈ 1 . . . n samples for a given flight as the least squares solution
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to the matrix equation:



ax,1

ay,1

az,1
...

ax,n

ay,n

az,n



=



1 0 0 (−r21 − q21) (−ṙ1 + p1q1) (q̇1 + p1r1)

0 1 0 (ṙ1 + p1q1) (−r21 − p21) (−ṗ1 + q1r1)

0 0 1 (−q̇1 + p1r1) (ṗ1 + q1r1) (−p21 − q21)

...
...

...
...

...
...

1 0 0 (−r2n − q2n) (−ṙn + pnqn) (q̇n + pnrn)

0 1 0 (ṙn + pnqn) (−r2n − p2n) (−ṗn + qnrn)

0 0 1 (−q̇n + pnrn) (ṗn + qnrn) (−p2n − q2n)





ᾱx

ᾱy

ᾱz

x̄

ȳ

z̄


+



δx,1

δy,1

δz,1
...

δx,n

δy,n

δz,n



where [δx,1, δy,1, δz,1, . . . , δz,n]T is a vector of residuals whose sum of squares is

minimized by the solution [ᾱx, ᾱy, ᾱz, x̄, ȳ, z̄]
T, with T as the matrix transpose.

We solved this matrix equation separately for each flight, using the instan-

taneous acceleration and instantaneous angular velocity sensed by the IMU as

{ax,i, ay,i, az,i} and {pi, qi, ri}, respectively, and using central differencing to

estimate the instantaneous angular acceleration {ṗi, q̇i, ṙi} from the instanta-

neous angular velocity. The fitted parameters {ᾱx, ᾱy, ᾱz} estimate the mean

acceleration at the centre of mass over the whole flight, and can be interpreted

as regression intercepts. The fitted parameters {x̄, ȳ, z̄} estimate the mean dis-

placement of the IMU from the centre of mass, and can be interpreted as re-

gression slopes. In effect, then, we are regressing the acceleration sensed by the

IMU on those combinations of angular velocity and angular acceleration that

are expected to be linearly related to the sensed acceleration by virtue of the

IMU’s unknown—but still possible to estimate—displacement from the centre

of mass.

It can be seen by comparing this matrix equation with the preceding set

of simultaneous equations that the instantaneous acceleration at the centre of
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mass {αx,i, αy,i, αz,i} is estimated as:


αx,i

αy,i

αz,i

 =


ax,i

ay,i

az,i

−


(−r2i − q2i ) (−ṙi + piqi) (q̇i + piri)

(ṙi + piqi) (−r2i − p2i ) (−ṗi + qiri)

(−q̇i + piri) (ṗi + qiri) (−p2i − q2i )



x̄

ȳ

z̄



This will tend to underestimate the required correction, because the estimates

of the mean displacement of the IMU from the origin of the bird’s axis system

are effectively regression slopes, so will be asymptotically biased towards zero in

the presence of any error in the measurements of angular velocity and angular

acceleration that were used to form the predictor variables. In fact, the IMU was

estimated to be ≤ 29 mm from the centre of mass in the x- and y-directions,

and ≤ 37 mm above the centre of mass in the z-direction. These estimates

seems reasonable, if a little on the low side perhaps. Nevertheless, the effect of

making this correction will be to reduce a known source of systematic error in our

measurements of the bird’s acceleration, and for this reason alone, the correction

is worthwhile. The same correction should also serve to reduce measurement

errors associated with rotation of the IMU with respect to the bird’s axis system,

as occur, for example, during flapping (i.e. to correct for accelerations sensed

by the IMU as a result of the bird’s non-rigid body motion).
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