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Description

Field of the Invention

[0001] This application relates generally to fluid delivery systems, and more particularly to infusion pump assemblies.

Background

[0002] Many potentially valuable medicines or compounds, including biologicals, are not orally active due to poor
absorption, hepatic metabolism or other pharmacokinetic factors. Additionally, some therapeutic compounds, although
they can be orally absorbed, are sometimes required to be administered so often it is difficult for a patient to maintain
the desired schedule. In these cases, parenteral delivery is often employed or could be employed.
[0003] Effective parenteral routes of drug delivery, as well as other fluids and compounds, such as subcutaneous
injection, intramuscular injection, and intravenous (IV) administration include puncture of the skin with a needle or stylet.
Insulin is an example of a therapeutic fluid that is self-injected by millions of diabetic patients. Users of parenterally
delivered drugs may benefit from a wearable device that would automatically deliver needed drugs/compounds over a
period of time.
[0004] To this end, there have been efforts to design portable and wearable devices for the controlled release of
therapeutics. Such devices are known to have a reservoir such as a cartridge, syringe, or bag, and to be electronically
controlled. These devices suffer from a number of drawbacks including the malfunction rate. Reducing the size, weight
and cost of these devices is also an ongoing challenge. Additionally, these devices often apply to the skin and pose the
challenge of frequent re-location for application.
[0005] WO 2004/009160 and WO 02/068015 both describe a wearable infusion pump assembly. US 5,349,852 de-
scribes a system for contorlling the flow of fluid through a line which includes a pump controller using acoustic spectral
analysis.

Summary of the Invention

[0006] According to a first aspect of the invention, there is provided a wearable infusion pump assembly according to
claim 1.
[0007] The details of one or more embodiments are set forth in the accompanying drawings and the description below.
Other features and advantages will become apparent from the description and the drawings. The scope of the invention
is defined in the claims.

Brief Description of the Drawings

[0008]

FIG. 1 is a side view of an infusion pump assembly;
FIG. 2 is a perspective view of the infusion pump assembly of FIG. 1;
FIG. 3 is an exploded view of various components of the infusion pump assembly of FIG. 1;
FIGS. 4A-4C are various views of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIGS. 5A-5I are various views of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIGS. 6A-6I are various views of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIGS. 7A-7I are various views of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIGS. 8A-8F are various views of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIG. 9 is an exploded view of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIG. 10 is a diagrammatic view of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIG. 11 is a two-dimensional graph of a performance characteristic of the volume sensor assembly of FIG. 10;
FIG. 12 is a two-dimensional graph of a performance characteristic of the volume sensor assembly of FIG. 10;
FIG. 13 is a two-dimensional graph of a performance characteristic of the volume sensor assembly of FIG. 10;
FIG. 14 is a diagrammatic view of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIG. 15 is a two-dimensional graph of a performance characteristic of the volume sensor assembly of FIG. 14;
FIG. 16 is a two-dimensional graph of a performance characteristic of the volume sensor assembly of FIG. 14;
FIG. 17 is a diagrammatic view of a volume sensor assembly included within the infusion pump assembly of FIG. 1;
FIG. 18 is a two-dimensional graph of a performance characteristic of a volume sensor assembly included within
the infusion pump assembly of FIG. 1;
FIG. 19 is a two-dimensional graph of a performance characteristic of a volume sensor assembly included within
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the infusion pump assembly of FIG. 1;
FIG. 20 is a two-dimensional graph of a performance characteristic of a volume sensor assembly included within
the infusion pump assembly of FIG. 1;
FIG. 21 is a two-dimensional graph of a performance characteristic of a volume sensor assembly included within
the infusion pump assembly of FIG. 1;
FIG. 22 is a two-dimensional graph of a performance characteristic of a volume sensor assembly included within
the infusion pump assembly of FIG. 1;
FIG. 23 is a diagrammatic view of a control model for a volume sensor assembly included within the infusion pump
assembly of FIG. 1;
FIG. 24 is a diagrammatic view of an electrical control assembly for the volume sensor assembly included within
the infusion pump assembly of FIG. 1;
FIG. 25 is a diagrammatic view of a volume controller for the volume sensor assembly included within the infusion
pump assembly of FIG. 1;

[0009] Like reference symbols in the various drawings indicate like elements.

Detailed Description of the Preferred Embodiments

[0010] Referring to FIGS. 1-3, an infusion pump assembly 100 may include a reusable housing assembly 102. Reusable
housing assembly 102 may be constructed from any suitable material, such as a hard or rigid plastic, that will resist
compression. For example, use of durable materials and parts may improve quality and reduce costs by providing a
reusable portion that lasts longer and is more durable, providing greater protection to components disposed therein.
[0011] Reusable housing assembly 102 may include mechanical control assembly 104 having a pump assembly 106
and at least one valve assembly 108. Reusable housing assembly 102 may also include electrical control assembly 110
configured to provide one or more control signals to mechanical control assembly 104 and effectuate the basal and/ or
bolus delivery of an infusible fluid to a user. Disposable housing assembly 114 may include valve assembly 108 which
may be configured to control the flow of the infusible fluid through a fluid path. Reusable housing assembly 102 may
also include pump assembly 106 which may be configured to pump the infusible fluid from the fluid path to the user.
[0012] Electrical control assembly 110 may monitor and control the amount of infusible fluid that has been and/or is
being pumped. For example, electrical control assembly 110 may receive signals from volume sensor assembly 148
and calculate the amount of infusible fluid that has just been dispensed and determine, based upon the dosage required
by the user, whether enough infusible fluid has been dispensed. If enough infusible fluid has not been dispensed, electrical
control assembly 110 may determine that more infusible fluid should be pumped. Electrical control assembly 110 may
provide the appropriate signal to mechanical control assembly 104 so that any additional necessary dosage may be
pumped or electrical control assembly 110 may provide the appropriate signal to mechanical control assembly 104 so
that the additional dosage may be dispensed with the next dosage. Alternatively, if too much infusible fluid has been
dispensed, electrical control assembly 110 may provide the appropriate signal to mechanical control assembly 104 so
that less infusible fluid may be dispensed in the next dosage.
[0013] Mechanical control assembly 104 may include at least one shape-memory actuator 112. Pump assembly 106
and/or valve assembly 108 of mechanical control assembly 104 may be actuated by at least one shape-memory actuator,
e.g., shape-memory actuator 112, which may be a shape-memory wire in wire or spring configuration. Shape memory
actuator 112 may be operably connected to and activated by electrical control assembly 110, which may control the
timing and the amount of heat and/or electrical energy used to actuate mechanical control assembly 104. Shape memory
actuator 112 may be, for example, a conductive shape-memory alloy wire that changes shape with temperature. The
temperature of shape-memory actuator 112 may be changed with a heater, or more conveniently, by application of
electrical energy. Shape memory actuator 112 may be a shape memory wire constructed of nickel/titanium alloy, such
as NITINOL™ or FLEXINOL®.
[0014] Infusion pump assembly 100 may include a volume sensor assembly 148 configured to monitor the amount of
fluid infused by infusion pump assembly 100. For example, volume sensor assembly 148 may employ, for example,
acoustic volume sensing. Acoustic volume measurement technology is the subject of U.S. Patent Nos. 5,575,310 and
5,755,683 assigned to DEKA Products Limited Partnership, as well as U.S. patent application Publication Nos. US
2007/0228071 A1, US 2007/0219496 A1, US 2007/0219480 A1, and US 2007/0219597 A1,. Other alternative techniques
for measuring fluid flow may also be used; for example, Doppler-based methods; the use of Hall-effect sensors in
combination with a vane or flapper valve; the use of a strain beam (for example, related to a flexible member over a fluid
reservoir to sense deflection of the flexible member); the use of capacitive sensing with plates; or thermal time of flight
methods. One such alternative technique is disclosed in U.S. Patent application Serial No. 11/704,899, entitled Fluid
Delivery Systems and Methods, filed 09 February 2007. Infusion pump assembly 100 may be configured so that the
volume measurements produced by volume sensor assembly 148 may be used to control, through a feedback loop, the
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amount of infusible fluid that is infused into the user.
[0015] As discussed above, infusion pump assembly 100 may include volume sensor assembly 148 configured to
monitor the amount of fluid infused by infusion pump assembly 100. Further and as discussed above, infusion pump
assembly 100 may be configured so that the volume measurements produced by volume sensor assembly 148 may be
used to control, through a feedback loop, the amount of infusible fluid that is infused into the user.
[0016] Referring also to FIGS. 4A-4C, there is shown one diagrammatic view and two cross-sectional views of volume
sensor assembly 148. Referring also to FIGS. 5A-5I, there is shown various isometric and diagrammatic views of volume
sensor assembly 148 (which is shown to include upper housing 1400). Referring also to FIGS. 6A-6I, there is shown
various isometric and diagrammatic views of volume sensor assembly 148 (with upper housing 1400 removed), exposing
speaker assembly 622, reference microphone 626, and printed circuit board assembly 830. Referring also to FIGS. 7A-
7I, there is shown various isometric and diagrammatic views of volume sensor assembly 148 (with printed circuit board
assembly 830 removed), exposing port assembly 624. Referring also to FIGS. 8A-8F, there is shown various isometric
and diagrammatic cross-sectional views of volume sensor assembly 148 (with printed circuit board assembly 830 re-
moved), exposing port assembly 624. Referring also to FIG. 9, there are shown an exploded view of volume sensor
assembly 148, exposing upper housing 1400, speaker assembly 622, reference microphone 626, seal assembly 1404,
lower housing 1402, port assembly 624, spring diaphragm 628, and retaining ring assembly 1406.
[0017] The following discussion concerns the design and operation of volume sensor assembly 148 (which is shown
in a simplified form in FIG. 10). For the following discussion, the following nomenclature may be used:

Derivation of the Equations for Volume Sensor Assembly 148:

Modeling the Acoustic Volumes

[0018] The pressure and volume of an ideal adiabatic gas may be related by: 

[0019] where K is a constant defined by the initial conditions of the system.

Symbols

P Pressure
p Pressure Perturbation
V Volume
v Volume Perturbation
γ Specific Heat Ratio

R Gas Constant
ρ Density
Z Impedance
f Flow friction
A Cross sectional Area
L Length

ω Frequency
ζ Damping ratio
α Volume Ratio

Subscripts

0 Speaker Volume
1 Reference Volume
2 Variable Volume
k Speaker
r Resonant Port
z Zero

p Pole
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[0020] EQ#1 may be written in terms of a mean pressure, P, and volume, V, and a small time-dependent perturbation
on top of those pressures, p(t), v(t) as follows: 

[0021] Differentiating this equation may result in: 

[0022] which may simplify to: 

[0023] If the acoustic pressure levels are much less than the ambient pressure, the equation may be further simplified to:

[0024] How good is this assumption? Using the adiabatic relation it may be shown that: 

[0025] Accordingly, the error in the assumption would be: 

[0026] A very loud acoustic signal (120 dB) may correspond to pressure sine wave with amplitude of roughly 20 Pascal.
Assuming air at atmospheric conditions (γ = 1.4, P = 101325Pa), the resulting error is 0.03%. The conversion from dB
to Pa is as follows: 

where pref = 20·mPa.
[0027] Applying the ideal gas law, P = ρRT, and substituting in for pressure may result in the following: 
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[0028] EQ#9 may be written in terms of the speed of sound,  as follows: 

[0029] Acoustic impedance for a volume may be defined as follows: 

Modeling the Acoustic Port

[0030] The acoustic port may be modeled assuming that all of the fluid in the port essentially moves as a rigid cylinder
reciprocating in the axial direction. All of the fluid in the channel is assumed to travel at the same velocity, the channel
is assumed to be of constant cross section, and the "end effects" resulting from the fluid entering and leaving the channel
are neglected.
[0031] If we assume laminar flow friction of the form Δp = f ρv, the friction force acting on the mass of fluid in the
channel may be written as follows: 

[0032] A second order differential equation may then be written for the dynamics of the fluid in the channel: 

or, in terms of volume flow rate: 

[0033] The acoustic impedance of the channel may then be written as follows: 

System Transfer Functions

[0034] Using the volume and port dynamics defined above, volume sensor assembly 148 may be described by the
following system of equations: (k = speaker, r = resonator) 

·
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[0035] One equation may be eliminated if p0 is treated as the input substituting in  

Cross System Transfer Function

[0036] The relationship between the speaker volume and the variable volume may be referred to as the Cross System
transfer function. This transfer function may be derived from the above equations and is as follows: 

where 

[0037] Referring also to FIG. 11, a bode plot of EQ#23 is shown.
[0038] The difficulty of this relationship is that the complex poles depend on both the variable volume, V2, and the
reference volume, V1. Any change in the mean position of the speaker may result in an error in the estimated volume.
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Cross Port Transfer Function

[0039] The relationship between the two volumes on each side of the acoustic port may be referred to as the Cross
Port transfer function. This relationship is as follows: 

which is shown graphically in FIG. 12.
[0040] This relationship has the advantage that the poles are only dependent on the variable volume and not on the
reference volume. It does, however, have the difficulty that the resonant peak is actually due to the inversion of the zero
in the response of the reference volume pressure. Accordingly, the pressure measurement in the reference chamber
will have a low amplitude in the vicinity of the resonance, potentially increasing the noise in the measurement.

Cross Speaker Transfer Function

[0041] The pressures may also be measured on each side of the speaker. This is referred to as the cross speaker
transfer function:

which is shown graphically in FIG. 13.
[0042] This transfer function has a set of complex zeros in addition to the set of complex poles.

[0043] Looking at the limits of this transfer function: as s → 0,  and as s → ∞,  

Resonance Q Factor and Peak Response

[0044] The quality of the resonance is the ratio of the energy stored to the power loss multiplied by the resonant
frequency. For a pure second-order system, the quality factor may be expressed as a function of the damping ratio: 

[0045] The ratio of the peak response to the low-frequency response may also be written as a function of the damping
ratio: 

[0046] This may occur at the damped natural frequency: 
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Volume Estimation

Volume Estimation using Cross-Port Phase

[0047] The variable volume (i.e., within volume sensor chamber 620) may also be estimated using the cross-port
phase. The transfer function for the pressure ratio across the resonant port may be as follows: 

[0048] At the 90° phase point, ω = ωn; where  

[0049] The resonant frequency may be found on the physical system using a number of methods. A phase-lock loop
may be employed to find the 90° phase point-this frequency may correspond to the natural frequency of the system.
Alternatively, the resonant frequency may be calculated using the phase at any two frequencies:
[0050] The phase, φ, at any given frequency will satisfy the following relation: 

where  

[0051] Solving for V2 results in: 

[0052] Accordingly, the ratio of the phases at two different frequencies ω1 and ω2 can be used to compute the natural
frequency of the system: 

[0053] For computational efficiency, the actual phase does not need to be calculated. All that is needed is the ratio of
the real and imaginary parts of the response (tan φ).
[0054] Re-writing EQ#33 in terms of the variable volume results in: 
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Volume Estimation using Swept Sine

[0055] The resonant frequency of the system may be estimated using swept-sine system identification. In this method,
the response of the system to a sinusoidal pressure variation may be found at a number of different frequencies. This
frequency response data may then used to estimate the system transfer function using linear regression.
[0056] The transfer function for the system may be expressed as a rational function of s. The general case is expressed
below for a transfer function with an nth order numerator and an mth order denominator. N and D are the coefficients for
the numerator and denominator respectively. The equation has been normalized such that the leading coefficient in the
denominator is 1. 

or 

[0057] This equation may be re-written as follows: 

[0058] Representing this summation in matrix notation resulting in the following: 

[0059] where k is the number of data points collected in the swept sine. To simplify the notation, this equation may be
summarized using the vectors: 

[0060] where y is k by 1, x is k by (m+n-1) and c is (m+n-1) by 1. The coefficients may then be found using a least
square approach. The error function may be written as follows: 

[0061] The function to be minimized is the weighted square of the error function; W is a k x k diagonal matrix. 
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[0062] As the center two terms are scalars, the transpose may be neglected. 

[0063] It may be necessary to use the complex transpose in all of these cases. This approach may result in complex
coefficients, but the process may be modified to ensure that all the coefficients are real. The least-square minimization
may be modified to give only real coefficients if the error function is changed to be 

[0064] Accordingly, the coefficients may be found with the relation: 

Solution for a 2nd Order System

[0065] For a system with a 0th order numerator and a second order denominator as shown in the transfer function: 

[0066] The coefficients in this transfer function may be found based on the expression found in the previous section: 

where: 
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[0067] To simplify the algorithm, we may combine some of terms: 

where: 

[0068] To find an expression for D in terms of the complex response vector G and the natural frequency s = jω, X may
be split into its real and imaginary parts:

[0069] The real and imaginary portions of the expression for D above may then become: 

[0070] Combining these terms results in the final expression for the D matrix, which may contain only real values. 
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[0071] The same approach may be taken to find an expression for the b vector in terms of G and ω. The real and
imaginary parts of y are as follows: 

[0072] Combining the real and imaginary parts results in the expression for the b vector as follows:

[0073] The next step is to invert the D matrix. The matrix is symmetric and positive-definite so the number of compu-
tations needed to find the inverse will be reduced from the general 333 case. The general expression for a matrix inverse is: 

[0074] If D is expressed as follows: 

[0075] then the adjugate matrix may be written as follows: 



EP 2 244 765 B1

14

5

10

15

20

25

30

35

40

45

50

55

[0076] Due to symmetry, only the upper diagonal matrix may need to be calculated.
[0077] The Determinant may then be computed in terms of the adjugate matrix values, taking advantage of the zero
elements in the original array: 

[0078] Finally, the inverse of D may be written as follows: 

[0079] Since we are trying to solve: 

then:

[0080] The final step is to get a quantitative assessment of how well the data fits the model. Accordingly, the original
expression for the error is as follows: 

[0081] This may be expressed in terms of the D matrix and the b and c vectors as follows: 

where: 



EP 2 244 765 B1

15

5

10

15

20

25

30

35

40

45

50

55

[0082] The model fit error may also be used to detect sensor failures.

Alternate Solution for a 2nd Order System

[0083]

or 

[0084] This equation may be re-written as follows: 

[0085] Putting this summation into matrix notation results in the following: 

[0086] For a system with a 0th order numerator and a second order denominator as shown in the transfer function: 

[0087] The coefficients in this transfer function may be found based on the expression found in the previous section: 
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where 

[0088] To simplify the algorithm, some terms may be combined: 

where: 

[0089] To find an expression for D in terms of the complex response vector G and the natural frequency s = jω, split
X may be split into its real and imaginary parts: 

[0090] The real and imaginary portions of the expression for D above may then become:
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[0091] Combining these terms results in the final expression for the D matrix, which may contain only real values. 

[0092] The same approach may be taken to find an expression for the b vector in terms of G and ω. The real and
imaginary parts of y areas follows: 

[0093] Combining the real and imaginary parts results in the expression for the b vector as follows: 

Implementing Acoustic Volume Sensing

Collecting the Frequency Response Data and Computing the Complex Response

[0094] To implement volume sensor assembly 148, volume sensor assembly 148 should determine the relative re-
sponse of reference microphone 626 and invariable volume microphone 630 to the acoustic wave set up by speaker
assembly 622. This may be accomplished by driving speaker assembly 622 with a sinusoidal output at a known frequency;
the complex response of microphones 626, 630 may then be found at that driving frequency. Finally, the relative response
of microphones 626, 630 may be found and corrected for alternating sampling by e.g., an analog-to-digital convertor
(i.e., ADC).
[0095] Additionally, the total signal variance may be computed and compared to the variance of pure tone extracted
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using the discrete Fourier transform (i.e., DFT). This may result in a measure of how much of the signal power comes
from noise sources or distortion. This value may then be used to reject and repeat bad measurements.

Computing the Discrete Fourier Transform

[0096] The signal from the microphone may be sampled synchronously with the output to speaker assembly 622 such
that a fixed number of points, N, are taken per wavelength. The measured signal at each point in the wavelength may
be summed over an integer number of wavelengths, M, and stored in an array x by the ISR for processing after all the
data for that frequency has been collected.
[0097] A DFT may be performed on the data at the integer value corresponding to the driven frequency of the speaker.
The general expression for the first harmonic of a DFT is as follows: 

[0098] The product MN may be the total number of points and the factor of two may be added such that the resulting
real and imaginary portions of the answer match the amplitude of the sine wave: 

[0099] This real part of this expression may be as follows: 

[0100] We may take advantage of the symmetry of the cosine function to reduce the number of computations needed
to compute the DFT. The expression above may be equivalent to: 

[0101] Similarly, for the imaginary portion of the equation: 

[0102] which may be expressed as follows: 

[0103] The variance of this signal may be calculated as follows: 



EP 2 244 765 B1

19

5

10

15

20

25

30

35

40

45

50

55

[0104] The maximum possible value of the real and imaginary portions of x may be 211; which corresponds to half the
AD range. The maximum value of the tone variance may be 221; half the square of the AD range.

Computing the Signal Variance

[0105] The pseudo-variance of the signal may be calculated using the following relation: 

[0106] The result may be in the units of AD counts squared. It may only be the "pseudo-variance" because the signal
has been averaged over M periods before the variance is calculated over the N samples in the "averaged" period. This
may be a useful metric, however, for finding if the "averaged" signal looks like a sinusoid at the expected frequency.
This may be done by comparing the total signal variance to that of the sinusoid found in the discrete Fourier transform.

[0107] The summation may be on the order of  for a 12-bit ADC. If N < 27 = 128 and M < 26

= 64, then the summation will be less than 243 and may be stored in a 64-bit integer. The maximum possible value of
the variance may result if the ADC oscillated between a value of 0 and 212 on each consecutive sample. This may result

in a peak variance of  so the result may be stored at a maximum of a 1/29 resolution in a signed 32-

bit integer.

Computing the Relative Microphone Response

[0108] The relative response (G) of microphones 626, 630 may be computed from the complex response of the
individual microphones: 

[0109] The denominator of either expression may be expressed in terms of the reference tone variance computed in
the previous section as follows: 
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Correcting for A/D Skew

[0110] The signals from microphones 626, 630 may not be sampled simultaneously; the A/D ISR alternates between
microphones 626, 630, taking a total of N samples per wavelength for each of microphones 626, 630. The result may

be a phase offset between two microphones 626, 630 of  To correct for this phase offset, a complex rotation may

be applied to the relative frequency response computed in the previous section: 

Reference Models

Second and Higher Order Models

[0111] Leakage through the seals (e.g., seal assembly 1404) of volume sensor chamber 620 may be modeled as a
second resonant port (e.g., port 1504, FIG. 14) connected to an external volume (e.g., external volume 1506, FIG. 14).
[0112] The system of equations describing the three-chamber configuration may be as follows: 

[0113] Putting these equations into state-space results in the following: 
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the frequency response of which may be represented graphically in the Bode diagram shown in FIG. 15 and which may
also be written in transfer function form: 

[0114] Expanding the denominator results in the following: 

[0115] A bubble underneath the diaphragm material in the variable volume will follow the same dynamic equations as
a leakage path. In this case, the diaphragm material may act as the resonant mass rather than the leakage port.
Accordingly, the equation may be as follows: 

wherein m is the mass of the diaphragm, A is the cross sectional area of the diaphragm that can resonate, and bm is
the mechanical damping. EQ#106 may be written in terms of the volume flow rate: 

wherein the volume of the air bubble is V3. If the bubble volume is substantially smaller than the acoustic volume V3 <<
V2 than the transfer function may be simplified to: 
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Second Order with Time Delay

[0116] The volume sensor assembly 148 equations derived above assume that the pressure is the same everywhere
in the acoustic volume. This is only an approximation, as there are time delays associated with the propagation of the
sound waves through the volume. This situation may look like a time delay or a time advance based on the relative
position of the microphone and speakers.
[0117] A time delay may be expressed in the Laplace domain as: 

which makes for a non-linear set of equations. However, a first-order Pade approximation of the time delay may be used
as follows: 

which is shown graphically in FIG. 16.

Three Chamber Volume Estimation

[0118] Volume sensor assembly 148 may also be configured using a third reference volume (e.g., reference volume
1508; FIG. 17) connected with a separate resonant port (e.g., port 1510; FIG. 17). This configuration may allow for
temperature-independent volume estimation.
[0119] The system of equations describing the three-chamber configuration are as follows: 
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[0120] Using these equations and solving for the transfer function across each of the resonant ports results in the
following: 

where 

where 

[0121] The volume of volume sensor chamber 620 may be estimated using the ratio of the natural frequency of the
two resonant ports as follows: 

[0122] EQ#120 illustrates that the volume of volume sensor chamber 620 may be proportional to reference volume
1508. The ratio of these two volumes (in the ideal model) may only depend on the geometry of the resonant port (e.g.,
port 1510; FIG. 17) and has no dependence upon temperature.

Exponential Volume Model

[0123] Assume the flow out through the flow resistance has the following form: 

[0124] Assuming a fixed input flow rate from the pump chamber, the volume of volume sensor chamber 620 is based
upon the following differential equation: 
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which gives the following solution assuming a zero initial volume: 

[0125] Accordingly, the output flow rate flows: 

[0126] The volume delivered during the pump phase may be written: 

Device Calibration

[0127] The model fit allows the resonant frequency of the port to be extracted from the sine sweep data. The next step
is to relate this value to the delivered volume. The ideal relationship between the resonant frequency and the delivered
volume to be expressed as follows: 

[0128] The speed of sound will vary with temperature, so it may be useful to split out the temperature effects. 

[0129] The volume may then be expressed as a function of the measured resonant frequency and the temperature: 

[0130] Where c is the calibration constant  

Implementation Details

End Effects

[0131] The air resonating in the port (e.g., port assembly 624) may extend out into the acoustic volumes at the end of
each oscillation. The distance the air extends may be estimated based on the fundamental volume sensor assembly
equations. For any given acoustic volume, the distance the air extends into the volume may be expressed as a function
of the pressure and port cross-sectional area: 



EP 2 244 765 B1

25

5

10

15

20

25

30

35

40

45

50

55

[0132] If we assume the following values: 

[0133] Accordingly, the air will extend roughly 1.9 mm in to the acoustic chamber.

Sizing V1 (i.e., the fixed volume) relative to V2 (i.e., the variable volume)

[0134] Sizing V1 (e.g., fixed volume 1500) may require trading off acoustic volume with the relative position of the
poles and zeros in the transfer function. The transfer function for both V1 and V2 (e.g., variable volume 1502) are shown
below relative to the volume displacement of speaker assembly 622. 

where 

[0135] As V1 is increased the gain may decrease and the speaker may be driven at a higher amplitude to get the same
sound pressure level. However, increasing V1 may also have the benefit of moving the complex zeros in the p1 transfer
function toward the complex poles. In the limiting case where V1 → ∞, α → 1 and you have pole-zero cancellation and
a flat response. Increasing V1, therefore, may have the benefit of reducing both the resonance and the notch in the p1
transfer function, and moving the p2 poles toward ωn; resulting in a lower sensitivity to measurement error when calculating
the p2/p1 transfer function.
[0136] FIG. 18 is a graphical representation of: 
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[0137] FIG. 19 is a graphical representation of 

Aliasing

[0138] Higher frequencies may alias down to the frequency of interest, wherein the aliased frequency may be expressed
as follows: 

where fs is the sampling frequency, fn is the frequency of the noise source, n is a positive integer, and f is the aliased
frequency of the noise source.
[0139] The demodulation routine may effectively filter out noise except at the specific frequency of the demodulation.
If the sample frequency is set dynamically to be a fixed multiple of the demodulation frequency, then the frequency of
the noise that can alias down to the demodulation frequency may be a fixed set of harmonics of that fundamental frequency.
[0140] For example, if the sampling frequency is eight times the demodulation frequency, then the noise frequencies
that can alias down to that frequency are as follows: 

where  For β = 16, the following series would result: 

Performance

Sensitivity to Temperature

[0141] The sensitivity to temperature may be split into a gain change and a noise change. If the temperature is off by
a factor of dT, the resulting gain error may be: 

[0142] Accordingly, if the same temperature is used for both sine sweeps, any error in the temperature measurement
may look like a gain change to the system. 
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[0143] Therefore, for a 1° K temperature error, the resulting volume error may be 0.3% at 298° K. This error may
include both the error in the temperature sensor and the difference between the sensor temperature and the temperature
of the air within volume sensor assembly 148.
[0144] The measurement, however, may be more susceptible to noise in the temperature measurement. A temperature
change during the differential sine sweeps may result in an error that looks more like an offset rather than a gain change: 

[0145] Accordingly, if the measurement varies by 0.1 K during the two measurement sine sweeps, the difference may
be 0.012 uL. Therefore, it may be better to use a consistent temperature estimate for each delivery rather than taking
a separate temperature measurement for each sine sweep (as shown in FIG. 21).
[0146] The LM73 temperature sensor has a published accuracy of +/- 1° C and a resolution of 0.03 C. Further, the
LM73 temperature sensor seems to consistently have a startup transient of about 0.3° C that takes about five sine
sweeps to level out (as shown in FIG. 22).
[0147] Since the above-described infusion pump assemblies (e.g., infusion pump assembly 100, 100’, 400, 500)
provides discrete deliveries of infusible fluid, the above-described infusion pump assemblies may be modeled entirely
in the discrete domain (in the manner shown in FIG. 23), which may be reduced to the following: 

[0148] A discrete-time PI regulator may perform according to the following: 

[0149] The AVS system described above works by comparing the acoustic response in fixed volume 1500 and variable
volume 1502 to a speaker driven input and extracting the volume of the variable volume 1502. As such, there is a
microphone in contact with each of these separate volumes (e.g., microphones 626, 630). The response of variable
volume microphone 630 may also be used in a more gross manner to detect the presence or absence of disposable
housing assembly 114. Specifically, if disposable housing assembly 114 is not attached to (i.e., positioned proximate)
variable volume 1502, essentially no acoustic response to the speaker driven input should be sensed. The response of
fixed volume 1500, however, should remain tied to the speaker input. Thus, the microphone data may be used to
determine whether disposable housing assembly 114 by simply ensuring that both microphones exhibit an acoustic
response. In the event that microphone 626 (i.e., the microphone positioned proximate fixed volume 1500) exhibits an
acoustic response and microphone 630 (i.e., the microphone positioned proximate variable volume 1502) does not
exhibit an acoustic response, it may be reasonably concluded that disposable housing assembly 114 is not attached to
reusable housing assembly 102. It should be noted that a failure of variable volume microphone 630 may also appear
to be indicative of disposable housing assembly 114 not being attached, as the failure of variable volume microphone
630 may result in a mid-range reading that is nearly indistinguishable from the microphone response expected when
disposable housing assembly 114 is not attached.
[0150] For the following discussion, the following nomenclature may be used:

Symbols

αmax(f) maximum read at a given frequency
αmin(f) minimum read at a given frequency
δ difference between max and min sums
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[0151] As part of the demodulation routine employed in each frequency response calculation, the minimum and max-
imum readings of both fixed volume microphone 626 and variable volume microphone 630 may be calculated. The sum
of these maximum and minimum values may be calculated over the entire sine-sweep (as discussed above) for both
microphone 626 and microphone 630 as follows. 

and the difference between these two summations may be simplified as follows: 

[0152] While δ may be divided by the number of sine sweeps to get the average minimum / maximum difference for
the sine sweep (which is then compared to a threshold), the threshold may equivalently be multiplied by N for compu-
tational efficiency. Accordingly, the basic disposable detection algorithm may be defined as follows: 

[0153] The additional condition that the maximum / minimum difference be greater than the threshold is a check
performed to ensure that a failed speaker is not the cause of the acoustic response received. This algorithm may be
repeated for any sine-sweep, thus allowing a detachment of disposable housing assembly 114 to be sensed within e.g.,
at most two consecutive sweeps (i.e., in the worst case scenario in which disposable housing assembly 114 is removed
during the second half of an in-progress sine sweep).
[0154] Thresholding for the above-described algorithm may be based entirely on numerical evidence. For example,
examination of typical minimum / maximum response differences may show that no individual difference is ever less
than five hundred ADC counts. Accordingly, all data examined while disposable housing assembly 114 is detached from
reusable housing assembly 102 may show that all minimum / maximum response differences as being well under five

(continued)

Symbols

f individual frequency

F set of sine sweep frequencies
N number of frequencies in each sine sweep, F
φ boolean disposable attached flag
σmax sum of maximum ADC reads
σmin sum of minimum ADC reads
T max/min ADC difference threshold

Subscripts

i sweep number
ref reference volume
var variable volume
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hundred ADC counts. Thus, the threshold for δ may be set at T=500.
[0155] While volume sensor assembly 148 is described above as being utilized within an infusion pump assembly
(e.g., infusion pump assembly 100), this is for illustrative purposes only and is not intended to be a limitation of this
disclosure, as other configurations are possible and are considered to be within the scope of this disclosure. For example,
volume sensor assembly 148 may be used within a process control environment for e.g., controlling the quantity of
chemicals mixed together. Alternatively, volume sensor assembly 148 may be used within a beverage dispensing system
to control e.g., the quantity of ingredients mixed together.
[0156] While volume sensor assembly 148 is described above as utilizing a port (e.g., port assembly 624) as a resonator,
this is for illustrative purposes only, as other configurations are possible and are considered to be within the scope of
this disclosure. For example, a solid mass (not shown) may be suspended within port assembly 624 and may function
as a resonator for volume sensor assembly 148. Specifically, the mass (not shown) for the resonator may be suspended
on a diaphragm (not shown) spanning port assembly 624. Alternatively, the diaphragm itself (not shown) may act as the
mass for the resonator. The natural frequency of volume sensor assembly 148 may be a function of the volume of
variable volume 1502. Accordingly, if the natural frequency of volume sensor assembly 148 can be measured, the volume
of variable volume 1502 may be calculated.
[0157] The natural frequency of volume sensor assembly 148 may be measured in a number of different ways. For
example, a time-varying force may be applied to the diaphragm (not shown) and the relationship between that force and
the motion of the diaphragm (not shown) may be used to estimate the natural frequency of volume sensor assembly
148. Alternately the mass (not shown) may be perturbed and then allowed to oscillate. The unforced motion of the mass
(not shown) may then be used to calculate the natural frequency of volume sensor assembly 148.
[0158] The force applied to the resonant mass (not shown) may be accomplished in various ways, examples of which
may include but are not limited to:

• speaker assembly 622 may create a time-varying pressure within fixed volume 1500;
• the resonant mass (not shown) may be a piezoelectric material responding to a time-varying voltage / current; and
• the resonant mass (not shown) may be a voice coil responding to a time-varying voltage / current

[0159] The force applied to the resonant mass may be measured in various ways, examples of which may include but
are not limited to:

• measuring the pressure in the fixed volume;
• the resonant mass (not shown) may be a piezoelectric material; and
• a strain gauge may be connected to the diaphragm (not shown) or other structural member supporting the resonant

mass (not shown).

[0160] Similarly, the displacement of the resonant mass (not shown) may be estimated by measuring the pressure in
the variable volume, or measured directly in various ways, examples of which may include but are not limited to:

• via piezoelectric sensor;
• via capacitive sensor;
• via optical sensor;
• via Hall-effect sensor;
• via a potentiometer (time varying impedance) sensor;
• via an inductive type sensor; and
• via a linear variable differential transformer (LVDT)

[0161] Further, the resonant mass (not shown) may be integral to either the force or displacement type sensor (i.e.
the resonant mass (not shown) may be made of piezoelectric material).
[0162] The application of force and measurement of displacement may be accomplished by a single device. For
example, a piezoelectric material may be used for the resonant mass (not shown) and a time-varying voltage / current
may be applied to the piezoelectric material to create a time-varying force. The resulting voltage / current applied to the
piezoelectric material may be measured and the transfer function between the two used to estimate the natural frequency
of volume sensor assembly 148.
[0163] As discussed above, the resonant frequency of volume sensor assembly 148 may be estimated using swept-
sine system identification. Specifically, the above-described model fit may allow the resonant frequency of the port
assembly to be extracted from the sine sweep data, which may then be used to determine the delivered volume. The
ideal relationship between the resonant frequency and the delivered volume may be expressed as follows: 
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[0164] The speed of sound will vary with temperature, so it may be useful to split out the temperature effects. 

[0165] The volume may then be expressed as a function of the measured resonant frequency and the temperature: 

[0166] Where c is the calibration constant  

[0167] Infusion pump assembly 100 may then compare this calculated volume V2 (i.e., representative of the actual
volume of infusible fluid delivered to the user) to the target volume (i.e., representative of the quantity of fluid that was
supposed to be delivered to the user). For example, assume that infusion pump assembly 100 was to deliver a 0.100
unit basal dose of infusible fluid to the user every thirty minutes. Further, assume that upon effectuating such a delivery,
volume sensor assembly 148 indicates a calculated volume V2 (i.e., representative of the actual volume of infusible fluid
delivered to the user) of 0.095 units of infusible fluid.
[0168] When calculating volume V2, infusion pump assembly 100 may first determine the volume of fluid within volume
sensor chamber 620 prior to the administration of the dose of infusible fluid and may subsequently determine the volume
of fluid within volume sensor chamber 620 after the administration of the dose of infusible fluid, wherein the difference
of those two measurements is indicative of V2 (i.e., the actual volume of infusible fluid delivered to the user). Accordingly,
V2 is a differential measurement.
[0169] V2 may be the total air space over the diaphragm in the variable volume chamber. The actual fluid delivery to
the patient may be the difference in V2 from when the chamber was full to after the measurement valve was opened
and the chamber was emptied. V2 may not directly be the delivered volume. For example, the air volume may be
measured and a series of differential measurements may be taken. For occlusion, an empty measurement may be taken,
the chamber may be filed, a full measurement may be taken, and then a final measurement may be taken after the exit
valve is open. Accordingly, the difference between the first and second measurement may be the amount pumped and
the difference between the second and third is the amount delivered to the patient.
[0170] Accordingly, electrical control assembly 110 may determine that the infusible fluid delivered is 0.005 units under
what was called for. In response to this determination, electrical control assembly 110 may provide the appropriate signal
to mechanical control assembly 104 so that any additional necessary dosage may be pumped. Alternatively, electrical
control assembly 110 may provide the appropriate signal to mechanical control assembly 104 so that the additional
dosage may be dispensed with the next dosage. Accordingly, during administration of the next 0.100 unit dose of the
infusible fluid, the output command for the pump may be modified based on the difference between the target and amount
delivered.
[0171] Referring also to FIG. 24, there is shown one particular implementation of a control system for controlling the
quantity of infusible fluid currently being infused based, at least in part, on the quantity of infusible fluid previously
administered. Specifically and continuing with the above-stated example, assume for illustrative purposes that electrical
control assembly 110 calls for the delivery of a 0.100 unit dose of the infusible fluid to the user. Accordingly, electrical
control assembly 110 may provide a target differential volume signal 1600 (which identifies a partial basal dose of 0.010
units of infusible fluid per cycle of shape memory actuator 112) to volume controller 1602. Accordingly and in this particular
example, shape memory actuator 112 may need to be cycled ten times in order to achieve the desired basal dose of
0.100 units of infusible fluid (i.e., 10 cycles x 0.010 units per cycle = 0.100 units). Volume controller 1602 in turn may
provide "on-time" signal 1606 to SMA (i.e., shape memory actuator) controller 1608. Also provided to SMA controller
1608 is battery voltage signal 1610.
[0172] Specifically, shape-memory actuator 112 may be controlled by varying the amount of thermal energy (e.g.,



EP 2 244 765 B1

31

5

10

15

20

25

30

35

40

45

50

55

joules) applied to shape-memory actuator 112. Accordingly, if the voltage level of battery 606 is reduced, the quantity
of joules applied to shape-memory actuator 112 may also be reduced for a defined period of time. Conversely, if the
voltage level of battery 606 is increased, the quantity of joules applied to shape memory actuator 112 may also be
increased for a defined period of time. Therefore, by monitoring the voltage level of battery 606 (via battery voltage signal
1610), the type of signal applied to shape-memory actuator 112 may be varied to ensure that the appropriate quantity
of thermal energy is applied to shape-memory actuator 112 regardless of the battery voltage level.
[0173] SMA controller 1608 may process "on-time" signal 1606 and battery voltage signal 1610 to determine the
appropriate SMA drive signal 1612 to apply to shape-memory actuator 112. One example of SMA drive signal 1612 may
be a series of binary pulses in which the amplitude of SMA drive signal 1612 essentially controls the stroke length of
shape-memory actuator 112 (and therefore pump assembly 106) and the duty cycle of SMA drive signal 1612 essentially
controls the stroke rate of shape-memory actuator 112 (and therefore pump assembly 106). Further, since SMA drive
signal 1612 is indicative of a differential volume (i.e., the volume infused during each cycle of shape memory actuator
112), SMA drive signal 1612 may be integrated by discrete time integrator 1614 to generate volume signal 1616 which
may be indicative of the total quantity of infusible fluid infused during a plurality of cycles of shape memory actuator 112.
For example, since (as discussed above) it may take ten cycles of shape memory actuator 112 (at 0.010 units per cycle)
to infuse 0.100 units of infusible fluid, discrete time integrator 1614 may integrate SMA drive signal 1612 over these ten
cycles to determine the total quantity infused of infusible fluid (as represented by volume signal 1616).
[0174] SMA drive signal 1612 may actuate pump assembly 106 for e.g. one cycle, resulting in the filling of volume
sensor chamber 620 included within volume sensor assembly 148. Infusion pump assembly 100 may then make a first
measurement of the quantity of fluid included within volume sensor chamber 620 (as discussed above). Further and as
discussed above, measurement valve assembly 610 may be subsequently energized, resulting in all or a portion of the
fluid within volume sensor chamber 620 being delivered to the user. Infusion pump assembly 100 may then make a
measurement of the quantity of fluid included within volume sensor chamber 620 (as described above) and use those
two measurements to determine V2 (i.e., the actual volume of infusible fluid delivered to the user during the current cycle
of shape memory actuator 112). Once determined, V2 (i.e., as represented by signal 1618) may be provided (i.e., fed
back) to volume controller 1602 for comparison to the earlier-received target differential volume.
[0175] Continuing with the above-stated example in which the differential target volume was 0.010 units of infusible
fluid, assume that V2 (i.e., as represented by signal 1618) identifies 0.009 units of infusible fluid as having been delivered
to the user. Accordingly, infusion pump assembly 100 may increase the next differential target volume to 0.011 units to
offset the earlier 0.001 unit shortage. Accordingly and as discussed above, the amplitude and/or duty cycle of SMA drive
signal 1612 may be increased when delivering the next basal dose of the infusible fluid to the user. This process may
be repeated for the remaining nine cycles of shape memory actuator 112 (as discussed above) and discrete time
integrator 1614 may continue to integrate SMA drive signal 1612 (to generate volume signal 1616) which may define
the total quantity of infusible fluid delivered to the user.
[0176] Referring also to FIG. 25, there is shown one possible embodiment of volume controller 1602. In this particular
implementation, volume controller 1602 may include PI (proportional-integrator) controller 1650. Volume controller 1602
may include feed forward controller 1652 for setting an initial "guess" concerning "on-time" signal 1606. For example,
for the situation described above in which target differential volume signal 1600 identifies a partial basal dose of 0.010
units of infusible fluid per cycle of shape memory actuator 112, feed forward controller 1652 may define an initial "on-
time" of e.g., one millisecond. Feed forward controller 1652 may include e.g., a lookup table that define an initial "on-
time" that is based, at least in part, upon target differential volume signal 1600. Volume controller 1602 may further
include discrete time integrator 1654 for integrating target differential volume signal 1600 and discrete time integrator
1656 for integrating V2 (i.e., as represented by signal 1618).

Claims

1. A wearable infusion pump assembly comprising:

a reservoir for receiving an infusible fluid; and
a fluid delivery system configured to deliver the infusible fluid from the reservoir to an external infusion set,
wherein the fluid delivery system includes:
a volume sensor assembly (148) configured to receive a quantity of the infusible fluid from the reservoir, the
volume sensor assembly including:

an acoustically contiguous region (1500,1502,1506) having a volume that varies based upon the quantity
of infusible fluid received from the reservoir, and
an acoustic energy emitter (622) configured to provide acoustic energy at a plurality of frequencies to excite
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a gas included within the acoustically contiguous region;

wherein the acoustically contiguous region includes:

a variable volume chamber (1500) having a volume that varies based upon the quantity of infusible fluid received
from the reservoir,
at least one fixed volume chamber (1502,1504) having a volume that is constant regardless of the quantity of
infusible fluid received from the reservoir, and
at least one acoustic port (624) for acoustically coupling the variable volume chamber to the at least one fixed
volume chamber;
wherein the volume sensor assembly (148) is arranged to calculate the variable volume (V2) from the frequency
(ωn) at the 90° phase point where the frequency response in the fixed volume chamber and the variable volume
chamber have a 90° phase.

2. A wearable infusion pump according to claim 1 wherein the volume sensor assembly (148) is arranged to calculate
the frequency (ωn) of the port assembly from sine sweep data; and
to determine the delivered volume from the calculated frequency.

Patentansprüche

1. Tragbare Infusionspumpenanordnung, umfassend:

ein Reservoir zum Erhalten eines infundierbaren Fluids;
und ein Fluidzuführungssystem, das konfiguriert ist, um das infundierbare Fluid aus dem Reservoir zu einem
externen Infusionsset zuzuführen, wobei das Fluidzuführungssystem Folgendes beinhaltet:
eine Volumensensoranordnung (148), die konfiguriert ist, um eine Menge des infundierbaren Fluids aus dem
Reservoir zu erhalten, wobei die Volumensensoranordnung Folgendes beinhaltet:

eine akustisch angrenzende Region (1500, 1502, 1506), die ein Volumen aufweist, das basierend auf der
Menge an infundierbarem Fluid variiert, das aus dem Reservoir erhalten wird, und
einen akustischen Energieemitter (622), der konfiguriert ist, um akustische Energie mit einer Vielzahl von
Frequenzen bereitzustellen, um ein Gas zu erregen, das in der akustisch angrenzenden Region enthalten
ist; wobei die akustisch angrenzende Region Folgendes beinhaltet:

eine Kammer variablen Volumens (1500), die ein Volumen aufweist, das basierend auf der Menge an
infundierbarem Fluid variiert, das aus dem Reservoir erhalten wird,
mindestens eine Kammer festen Volumens (1502, 1504), die ein Volumen aufweist, das unabhängig
von der Menge an infundierbarem Fluid, das aus dem Reservoir erhalten wird, konstant ist, und
mindestens einen akustischen Anschluss (624), um die Kammer variablen Volumens mit der mindes-
tens einen Kammer festen Volumens akustisch zu koppeln;
wobei die Volumensensoranordnung (148) angeordnet ist, um das variable Volumen (V2) von der
Frequenz (ωn) an dem 90°-Phasenpunkt zu berechnen, wo der Frequenzgang in der Kammer festen
Volumens und der Kammer variablen Volumens eine 90°-Phase aufweist.

2. Tragbare Infusionspumpe nach Anspruch 1, wobei die Volumensensoranordnung (148) angeordnet ist, um die
Frequenz (ωn) der Anschlussanordnung aus Sinus-Sweep-Daten zu berechnen;
und um das zugeführte Volumen anhand der berechneten Frequenz zu bestimmen.

Revendications

1. Ensemble pompe à perfusion portable comprenant :

un réservoir destiné à recevoir un fluide pouvant être perfusé ; et
un système de distribution de fluide conçu pour acheminer le fluide pouvant être perfusé à partir du réservoir
jusqu’au groupe de perfusion externe, ledit système de distribution de fluide comprenant :
un ensemble capteur de volume (148) configuré pour recevoir une quantité du fluide pouvant être perfusée en
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provenance du réservoir, l’ensemble capteur de volume comprenant :

une zone acoustiquement contiguë (1500, 1502, 1506) possédant un volume qui varie sur la base de la
quantité de fluide pouvant être perfusée reçue en provenance du réservoir, et
un émetteur d’énergie acoustique (622) conçu pour fournir une énergie acoustique à une pluralité de fré-
quences afin d’exciter un gaz compris dans la zone acoustiquement contiguë ; ladite zone acoustiquement
contiguë comprenant :

une chambre à volume variable (1500) possédant un volume qui varie sur la base de la quantité de
fluide pouvant être perfusée reçue en provenance du réservoir,
au moins une chambre à volume fixe (1502, 1504) possédant un volume constant quelle que soit la
quantité de fluide pouvant être perfusée reçue en provenance du réservoir et au moins un orifice
acoustique (624) destiné à coupler acoustiquement la chambre à volume variable à l’au moins une
chambre à volume fixe ;
ledit ensemble capteur de volume (148) étant conçu pour calculer le volume variable (V2) à partir de
la fréquence (ωn) au point de phase à 90° où la réponse en fréquence dans la chambre à volume fixe
et la chambre à volume variable présente une phase à 90°.

2. Pompe à perfusion portable selon la revendication 1, ledit ensemble capteur de volume (148) étant agencé pour
calculer la fréquence (ωn) de l’ensemble orifice à partir de données de balayage sinusoïdal ;
et pour déterminer le volume acheminé à partir de la fréquence calculée.
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