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(57) Abstract: The present invention relates to the measurement of forces on the
tip of a jet injector drug ampoule. A force sensor is provided that includes full
bridge strain gauge configurations mounted on three flexural spokes. The flexural
spokes connect an outer fixed portion of the sensor to an inner sensing portion of
the sensor. The spokes are formed such that they exhibit fixed/quasi-free bending
behavior, as opposed to tixed/tixed bending behavior, when a loading force is ap -
plied along the central axis of the ampoule. This increases the area of fully com-
pressive zones and tensile zones on the top and bottom (or vice versa) of the flex-
ure. Larger compressive/tensile zones allow for larger area deformation sensing
elements to be employed and subsequently larger signals to be acquired for the
same flexure size in a quasi- free/fixed versus fixed/fixed configuration, whereby
the same larger sized sensing elements suitable for use on a quasi -free/fixed flex -
ural spoke would span both compressive and tensile zones on a fixed-tixed flexur-
al spoke and produce muted strain signals. Additionally, in an embodiment where
customized resistive strain gauge arrays are employed for the sensing elements, for
example by mounting custom flex-PCBs or building the entire assembly out of
one or more parts of FR-4 PCB, the strain gauges can be designed to fill the entire
area of the compressive and tensile zones. Because of the full bridge configuration
of the strain gauges, vertical forces applied to each flexural spoke are the only
forces that are outputted. Lateral forces and twisting on individual flexures are re-
jected due to the full-bridge configuration detailed within the disclosure. By using
the output of all three full bridges in parallel, it is possible to discriminate between
lateral forces and axial forces directed collinear with the center axis of the am-
poule applied to the tip of the nozzle. This information can be relayed to the user
to attain, for example, a pre-determined contact force between the nozzle and an
area receiving an injection.



wO 2017/123535 A1 AT 000 A0 O

Published:
—  with international search report (Art. 21(3))



WO 2017/123535 PCT/US2017/012826

MULTI-DIRECTIONAL LOW-DISPLACEMENT FORCE SENSOR DESCRIPTION

BACKGROUND

[0001] Needle-free injectors (NFIs) operate by creating a high pressure jet of fluid/powder
that penetrates the skin. Delivery is rapid (typically < 0.5 s) which reduces apprehension while
enhancing patient acceptance and ultimately compliance. In addition, NFIs have been shown to
improve the efficacy of certain medications (Taylor ef al. 1981; Jackson et al. 2001; Williams et
al. 2000). Several needle-free injectors use springs or compressed inert gases to propel fluid
through the skin and into the underlying tissue. This affords minimal control over the pressure
applied to the drug during the time course of the injection, parameters shown to be integral to
determining the depth and dispersion of drug delivered (Wendell e al. 2006; Shergold et al.
2006), and hence its absorption into the circulation. Others have incorporated some pressure
pulse shaping by using variable orifice gas valves or fast/slow pyrotechnic charges. More
recently, Stachowiak ef al. (2009) have used piezoelectric actuators for dynamic control of
delivery, accomplished at the expense of a limited piston stroke and volume of fluid delivered.
An alternative approach to jet drug delivery is to store energy in electrical form and impose a
time varying pressure profile (waveform) on the drug volume through the use of a monitored
and servo-controlled electromechanical actuator such as a linear Lorentz-force actuator.
Needle-free injectors may include sensors that can be used to control the actuator.

[0002] There are a great many multi-axis force sensors utilizing the measurement of strain
to discern the magnitude and direction of an applied force. Most multi-axis force sensors
however have assemblies that require a significant length available in the axial direction to be
implemented, are difficult/costly to manufacture, have an unnecessarily redundant number of
locations in which strain is measured, cannot have a drug ampoule of a needle-free injector
mounted to them (and associated piston pass through them), result in significant displacements
when loaded (of which a subsequent problem is inaccuracy in the injected volume or
misalignment between the piston and the rest of the ampoule), have flexures that are limited to
exactly twice the length of the sensing element to produce maximum signal which increases the
overall radius required of the device, or have not been reduced to practice for measuring forces

on the nozzle of a jet injector drug delivery ampoule assembly.

SUMMARY

[0003] The present invention relates to the measurement of multi-axis forces with low
resulting displacements to enable the measurement and monitoring, but more particularly, but

not exclusively, to the measurement and monitoring of forces on the nozzle of a jet injector drug
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delivery ampoule assembly in contact with a surface receiving an injection. In one

embodiment, the sensor uses aluminum as the flexure substrate material, which is shaped to
induce a more favorable stress distribution which can be measured using polyamide-backed
resistive strain gauges. Using FR-4 grade glass-reinforced epoxy laminate (“FR-4") as the
flexure material, for example, can enable the force sensor to be more easily mass manufactured
using common printed circuit board (PCB) fabrication techniques. Further, using FR-4, one can
employ printed resistive strain gauges or mounted semiconductor strain sensors to measure
lateral and normal forces applied to the nozzle.

[0004] The techniques and designs of the current approach readily and simply overcome the
limitations of prior approaches. For example, a sensor of the present invention may be relatively
thin in the axial direction (allowing for the smallest amount of length added to the entire jet
injector device), be readily manufactured with well-known techniques and requires few parts
requiring assembly, function with three flexures and associated sensing arrays to measure forces
applied both laterally and normally to the nozzle while reducing the number of strain regions
requiring measurement, readily have a drug ampoule mounted to it (and associated piston pass
through it), result in extremely minor displacements when loaded (of which a subsequent
feature is little error induced in the injected volume), have flexures that may be shorter than
twice the length of the sensing element to produce maximum signal by incorporating quasi-free
boundary condition elements, and be used for measuring forces on the nozzle of a jet injector
drug delivery ampoule assembly. The sensing arrays are preferably formed by full bridge
resistive gauge circuits on each of three spokes that connect the outer fixed portion to the inner
sensing portion to improve the output signal for small forces that induce small deflections, as
well as reject measurement of bending in the lateral direction, twisting, and temperature effects.
These features result in a multi-axis force sensor for jet injection that exhibits very low
displacements when forces are applied. Additional benefits of using a force sensor of the
present approach in a jet injector are better control of injection depth and volume of injected
substance, which can result in decreased pain and better dosage control. Further, embodiments
of the invention can reduce the risk of accidental injections, for example, by enabling a lock-out
feature when the force applied to the nozzle of the jet injector ampoule falls outside a
predetermined range.

[0005] Sensing methods and devices of the invention provide a new and improved method
or technique of and structures for attaining the above-described novel features while obviating
the limitations of prior electro-mechanical devices of this type. Through the provision of
sensitive strain sensing elements mounted on the top and bottom surface of flexural spokes,
with a quasi-free boundary condition feature allowing for larger zones (than would be observed

in a fixed-fixed flexural spoke construction) on the top and bottom of each flexural spoke



WO 2017/123535 PCT/US2017/012826
3
(where compression or tension are observed when forces are applied to the inner sensing

portion), larger fully compressive and fully tensile zones allow for strain sensing elements to
interact with larger surfaces. Therefore, sensors of the current approach can output more
substantial signals and make sensing multi-axis forces with smaller resulting displacements
possible. Another advantage of the current approach is that it allows the compressive and
tensile zones to be larger for a given flexure length, so that the lengths of the flexures can be
shorter to decrease the total outer diameter of the force sensor.

[0006] Embodiments of the invention provide a method in which an ampoule may be
mounted to a jet injector, allowing for force readings to be measured before the device comes
into contact with the injection area, while the device is in contact with the injection area before
the injection, and during the injection to measure pressure within the ampoule.

[0007] In one example, a device is described that can be made with full bridge resistive
strain gauge arrays on each flexural spoke to maximize output signal from bending in the
vertical direction and minimize output signal from bending in the horizontal direction, twisting,

or temperature fluctuations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present invention can best be understood in conjunction with the accompanying
drawings, in which:

[0009] Fig. 1 is a sectional view of a jet injector device including a force sensor according
to an embodiment of the invention,;

[0010] Fig. 2A is an isometric view of a fully assembled force sensor with an ampoule;
[0011] Fig. 2B is an isometric exploded view of the force sensor of Fig. 2A without the
ampoule;

[0012] Fig. 3A is a top view of a fully assembled force sensor with an ampoule;

[0013] Fig. 3B is a cross-section view of a fully assembled force sensor with an ampoule;
[0014] Fig. 3C illustrates a base of a sensor assembly;

[0015] Fig. 4 illustrates (left panel) an electrical circuit diagram of a full-bridge sensor
circuit and (right panel) an isometric view of a flexural spoke and associated sensor locations;
[0016] Figs. 5 illustrates beam bending fixed-fixed, fixed-free, and fixed-quasi-free states
when loaded;

[0017] Fig. 6 shows a top view of a sensing assembly with an alternative constraint method
using a slot and pin;

[0018] Fig. 7 shows a top view of a sensor assembly illustrating a taper constrain method,;
[0019] Fig. 8 shows a cross-section view of the sensor assembly of Fig. 7 further illustrating

the taper constraint method;



WO 2017/123535 PCT/US2017/012826
4
[0020] Fig. 9 shows a top view of a rigid one-part printed circuit board force sensor for a jet

injector;

[0021] Fig. 10 shows a cross-section view of the rigid one-part printed circuit board jet
injector force sensor of Fig. 9;

[0022] Fig. 11 shows a top view of a rigid two-part printed circuit board force sensor for a
jet injector;

[0023] Fig. 12 shows a cross-section view of the rigid two-part printed circuit board force
sensor of Fig. 11;

[0024] Fig. 13 shows a top view of a rigid two-part, flexible one-part printed circuit board
force sensor for a jet injector;

[0025] Fig. 14 shows a cross-section view of the rigid two-part, flexible one-part printed
circuit board force sensor of Fig. 13;

[0026] Fig. 15 shows a top view of a flexible two-part printed circuit board, aluminum base
force sensor for a jet injector;

[0027] Fig. 16 shows a cross-section view of the flexible two-part printed circuit board,
aluminum base force sensor of Fig. 15;

[0028] Fig. 17 shows a top view of an on-board visual feedback system to guide the user to
minimize lateral forces on the nozzle;

[0029] Fig. 18 shows a schematic diagram of a feedback loop between the user and the
multi-axis low-displacement force sensor;

[0030] Fig. 19 shows a view of a lateral and axial force display suitable for showing on a
screen integrated with a jet injector or on a separate monitor;

[0031] Fig. 20 is a schematic flow chart illustrating a process of resolving axial force and
lateral force magnitude and angle using data obtained from a force sensor of the present
invention; and

[0032] Fig. 21 illustrates top views of an example force sensor, forces on the tip of an
ampoule, and associated equations.

[0033] In the drawings, preferred embodiments of the invention are illustrated by way of
example, it being expressly understood that the description and drawings are only for the
purpose of illustration and preferred designs, and are not intended as a definition of the limits of

the invention.

DETAILED DESCRIPTION

[0034] A description of example embodiments of the invention follows.
[0035] Fig. 1 is a sectional view of an example jet injector device including a force sensor

according to an embodiment of the invention. A force sensor [1a] is coupled to ampoule
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assembly [2] and mounted to a Lorentz-force motor assembly via adapter [32]. As shown, the

adapter [32] is bolted to a housing of the Lorentz-force motor assembly, which includes a
controllable magnet and coil electromagnetic actuator. The controllable actuator is coupled to
piston [6] to drive the piston to, for example, eject a substance from inner volume [4] through
nozzle [3] of the ampoule assembly. Further details of sensor [1a] and ampoule assembly [2]
are described below in reference to FIGS. 2A-2B.

[0036] Jet injector devices that include Lorentz-force actuators and that are suitable for use
with force sensors described in this disclosure are described in U.S. Patent 7,833,189
(“Controlled needle-free transport”) to Hunter et al., U.S. Patent 8,172,790 (Needle-free injector
device with autoloading capability””) to Hunter et al., and U.S. Patent 8,740,838 (“Injection
methods using a servo-controlled needle-free injector”) to Hemond et al., the teachings of which
are incorporated herein by reference in their entirety.

[0037] Fig. 2A is an isometric view of a fully assembled force sensor with an ampoule. The
figure illustrates the following components:

[0038] Jet injector drug delivery ampoule assembly [2], which includes:

[0039] Nozzle [3], and other components not specifically shown;

[0040] is mounted to;

[0041] Metal-based jet injector force sensor [1a], which includes:

[0042] Sensing assembly [42], which includes:

[0043] Metal base [56], which includes:

[0044] Outer fixed portion [7];

[0045] First flexural spoke [26], Second flexural spoke [27], and Third

flexural spoke [28], each of which has formed in it:
[0046] Quasi-free boundary condition feature [29], e.g., a notch, a

cut-out, or other features that provides a region of reduced thickness of the spoke;

[0047] Inner sensing portion [18];

[0048] Constraint features [8], which includes:

[0049] Locating slot one [11a], Locating slot two [11b], and
Locating slot three [11¢] in this embodiment;

[0050] Securing features [10], on the Metal base [56], including:

[0051] Through hole one [15a], Through hole two [15b], and
Through hole three [15¢] (see Fig. 2B) through which

[0052] Bolt one [9a], Bolt two [9b], and Bolt three [9¢], connect

the Metal base [56] to the Adapter [32] which mounts to the jet injector housing in a preferred
embodiment;

[0053] Sensor array [22], which includes:
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[0054] First strain sensoﬁ [23], Second strain sensor [24], and Third strain
sensor [25]

[0055] Adapter [32], which includes:

[0056] Hole one [33a], Hole two [33b], and Hole three [33c] (see Fig. 2B) which

align with Locating slot one [11a], Locating slot two [11b], and Locating slot three [11c];
[0057] Threaded hole one [34a], Threaded hole two [34b], and Threaded hole
three [34c¢] (see Fig. 2B) to which Bolt one [9a], Bolt two [9b], and Bolt three [9¢], connect the
Metal base [56] to the Adapter [32].

[0058] The adapter may include features to connect the adapter to the jet injector
housing in a preferred embodiment, as illustrated in Fig. 1.

[0059] Locating pin one [14a], Locating pin two [14b], and Locating pin three [14c¢]
which fit into Hole one [33a], Hole two [33b], and Hole three [33c] which align with Locating
slot one [11a], Locating slot two [11b], and Locating slot three [11c] on the Metal base [56];
[0060] Bolt one [9a], Bolt two [9b], and Bolt three [9c], connect the Metal base [56] to
the Adapter [32]

[0061] Forces applied to the tip of the Jet injector drug delivery ampoule assembly [2]
deform First flexural spoke [26], Second flexural spoke [27], and/or Third flexural spoke [28].
These deformations are measured by the First strain sensor [23], Second strain sensor [24], and
Third strain sensor [25]. The Quasi-free boundary condition feature [29] found on each of the
flexural spokes [26, 27,28] increases the area of the Fully compressive zone [30] (not shown in
Fig. 1) and Fully tensile zone [31] (not shown in Fig. 1) found on the top and bottom of each of
the flexural spokes [26, 27,28] allowing for larger strain sensors [23, 24, 25] and therefore more
substantial measurements than if the Quasi-free boundary condition feature [29] found on each
of the flexural spokes [26, 27,28] was not present.

[0062] Fig. 2B is an isometric exploded view of Metal-based jet injector force sensor [1a]

without the ampoule. It includes the following components:

[0063] Metal-based jet injector force sensor [1a], which includes:

[0064] Sensing assembly [42], which includes:

[0065] Metal base [56], which includes:

[0066] Outer fixed portion [7], which is the portion of the Metal

base [56] that contacts the Adapter [32];

[0067] First flexural spoke [26], Second flexural spoke [27], and
Third flexural spoke [28], each of which has formed in it:

[0068] Quasi-free boundary condition feature [29];
[0069] Inner sensing portion [ 18], in which is formed:

[0070] Ampoule connection location [19];
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[0071] Constrainz[ features [8] (see Fig. 2A), which includes:
[0072] Locating slot one [11a], Locating slot two [11b],
and locating slot three [11c] in this embodiment;

[0073] Securing features [10] (not specifically labeled), on the
Metal base [56], including

[0074] Through hole one [15a], Through hole two [15b],
and Through hole three [15¢] through which;

[0075] Bolt one [9a], Bolt two [9b], and Bolt three [9c],

connect the Metal base [56] to the Adapter [32] which mounts to the jet injector housing in a
preferred embodiment;

[0076] Sensor array [22] (see Fig. 2A), which includes:

[0077] First strain sensor [23], Second strain sensor [24], and
Third strain sensor [25]

[0078] Adapter [32], which includes:

[0079] Hole one [33a], Hole two [33b], and Hole three [33¢] which align with
Locating slot one [11a], Locating slot two [11b], and locating slot three [11¢];

[0080] Threaded hole one [34a], Threaded hole two [34b], and Threaded hole
three [34c¢] to which Bolt one [9a], Bolt two [9b], and Bolt three [9¢c], connect the Metal base
[56] to the Adapter [32]

[0081] Locating pin one [14a], Locating pin two [14b], and Locating pin three [14c¢]
which fit into Hole one [33a], Hole two [33b], and Hole three [33c] which align with Locating
slot one [11a], Locating slot two [11b], and locating slot three [11c] on the Metal base [56];

[0082] Bolt one [9a], Bolt two [9b], and Bolt three [9c], connect the Metal base [56] to
the Adapter [32]
[0083] The Jet injector drug delivery ampoule assembly [2] is not shown in Fig. 2B.

[0084] The exploded view of Fig. 2B shows how the components align and fit together in a
preferred embodiment.

[0085] Fig. 3A is a top view of a fully assembled force sensor with an ampoule. Fig 3A
illustrates the following components:

[0086] Jet injector drug delivery ampoule assembly [2],

[0087] is mounted to;

[0088] Metal-based jet injector force sensor [1a], which includes:

[0089] Sensing assembly [42] (see Fig. 2A), which includes:

[0090] Metal base [56], which includes:

[0091] Outer fixed portion [7];
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[0092] First flexural spoie [26], Second flexural spoke [27], and Third
flexural spoke [28], all of which has formed in it:

[0093] Quasi-free boundary condition feature [29];

[0094] Inner sensing portion [18];

[0095] Constraint features [8] (Fig. 2A), which includes:

[0096] Locating slot one [11a], Locating slot two [11b], and
Locating slot three [11¢];

[0097] Securing features [10] (Fig. 2A), on the Metal base [56], include:
[0098] Through hole one [15a], Through hole two [15b], and
Through hole three [15c¢], (Fig. 2B) through which

[0099] Bolt one [9a], Bolt two [9b], and Bolt three [9¢] connect

the Metal base [56] to the Adapter [32] (Fig. 2B) which mounts to the jet injector housing in a
preferred embodiment;

[00100] Sensor array [22] (Fig. 2A), which includes:

[00101] First strain sensor [23], Second strain sensor [24], and Third strain
sensor [25];

[00102] Locating pin one [14a], Locating pin two [14b], and Locating pin three [14c],
which fit into Hole one [33a], Hole two [33b], and Hole three [33c] (Fig. 2B), respectively,
which align with Locating slot one [11a], Locating slot two [11b], and Locating slot three [11c¢],
respectively, on the Metal base [56].

[00103] Fig. 3B is a cross-section view of a fully assembled force sensor with an ampoule.
The following components are illustrated:

[00104] Jet injector drug delivery ampoule assembly [2], which includes:

[00105] Nozzle [3], Ampoule inner volume [4], threaded connector [5]
[00106] and Piston [6], which, in a preferred embodiment, includes:
[00107] Piston Tip [43] and Piston Shaft [57]

[00108] is mounted to
[00109] Metal-based jet injector force sensor [1a], which includes:

[00110] Sensing assembly [42], which includes:

[00111] Metal base [56], which includes:

[00112] Outer fixed portion [7] (not specifically labeled, but see Fig. 3A);
[00113] First flexural spoke [26], Second flexural spoke [27], and Third

flexural spoke [28], of which a cross section view of First flexural spoke [26], and partial view
of Third flexural spoke [28] are shown, each of which have formed in it:

[00114] Quasi-free boundary condition feature [29];

[00115] Inner sensing portion [18] (Fig. 3A), in which is formed:
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[00116] Piston pags-through port [21] so that the piston can
connect to the actuator of a jet injector in a preferred embodiment;

[00117] Constraint features [8] (Fig. 2A), which includes:

[00118] Locating slot one [11a], Locating slot two [11b], and
Locating slot three [11¢], of which a cross section view of Locating slot one [11a] is shown,;
[00119] Securing features [10] (Fig. 2A), on the Metal base [56],
including:

[00120] Through hole one [15a], Through hole two [15b], and
Through hole three [15¢], of which a cross section view of Through hole one [15a] is shown,
through which

[00121] Bolt one [9a], Bolt two [9b], and Bolt three [9¢] connect

the Metal base [56] to the Adapter [32] which mounts to the jet injector housing in a preferred
embodiment, of which a cross section view of Bolt one [9a] is shown;

[00122] Sensor array [22] (Fig. 2A), which includes:

[00123] First strain sensor [23], Second strain sensor [24], and Third strain
sensor [25], of which a cross section view of First strain sensor [23], and partial view of Third
strain sensor [25] is shown,

[00124] Adapter [32], which includes:

[00125] Hole one [33a], Hole two [33b], and Hole three [33c], of which a cross
section view of Hole one [33a] is shown, which align with Locating slot one [11a], Locating
slot two [11b], and Locating slot three [11c¢], of which a cross section view of Locating slot one
[11a] is shown,;

[00126] Threaded hole one [34a], Threaded hole two [34b], and Threaded hole
three [34c], of which a cross section view of Threaded hole one [34a] is shown, to which Bolt
one [9a], Bolt two [9b], and Bolt three [9c], respectively, connect the Metal base [56] to the
Adapter [32], of which a cross section view of Bolt one [9a] is shown.

[00127] A method to connect the adapter to the jet injector housing in a preferred
embodiment is illustrated in Fig. 1.

[00128] Locating pin one [14a], Locating pin two [14b], and Locating pin three [14c¢], of
which a cross section view of Locating slot one [11a] is shown, fit into Hole one [33a], Hole
two [33b], and Hole three [33¢] respectively, of which a cross section view of Hole one [33a] is
shown, and align with Locating slot one [11a], Locating slot two [11b], and locating slot three
[11¢], respectively of which a cross section view of Locating slot one [11a] is shown, on the
Metal base [56].

[00129] The Piston [6] can actuate back and forth to draw in or expel fluid through the

Nozzle [3]. The sensor can measure the force between the nozzle and the injection area it is
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contacting before the area requiring injection aslgvell as measure the force exerted by the Piston
[6] during the injection to measure pressure within the Ampoule inner volume [4].

[00130] Fig. 3C illustrates an example base of a sensor assembly. The figure provides a top
view of the base, a sectional view of the base and a detail view of a notch in a flexural spoke of
the base. The base includes an inner ring that is connected to an outer ring by three flexural
spokes, each of which has formed in it a notch near the inner ring. The inner ring, outer ring
and spokes can be integrally formed or machined from an aluminum substrate. In this example,
the substrate is Al 7075-T651, the diameter of the inner ring is 12.60 mm, the diameter of the
outer ring is 50 mm, and the length of each spoke is 13.20mm. The base has a uniform
thickness of Smm, except for the notches, which are formed in the top of the surface of the base
to a depth of 2.5mm, i.e., half the thickness of the base. As shown, each notch is 3mm wide and
is curved.

[00131] The design and dimensions of the three-spoke base of Fig. 3C are a result of a finite
element analysis. Stress contributions were adjusted to be advantageous to the way force is
measured. Because force is measured using gauges placed on the surface of the spokes, a
design criterion included to maximize the sum total of compressive or tensile strain in the area
covered by a single strain gauge, in order to make the sensor more sensitive.

[00132] Fig. 4 illustrates an electrical circuit diagram (left panel) of the full-bridge sensor

circuit and an isometric view (right panel) of the first flexural spoke and associated sensor

locations.

[00133] With regard to the Electrical circuit [58], it includes:

[00134] Regulated voltage source [39];

[00135] Positive signal output [38a] and Negative signal output [38b];

[00136] First top strain gauge one [23a], First top strain gauge two [23b], First

bottom strain gauge one [23c¢], and First bottom strain gauge two [23d] as shown. These gauges,
in a preferred embodiment, are resistive strain sensors formed in flexible printed circuit board
and mounted to the Metal base [56] but can also be semiconductor strain sensors. This
configuration of gauges is duplicated on each flexural spoke using the same configuration of

four strain gauges on each.

[00137] With regard to the isometric view of the first flexural spoke, it includes:
[00138] Metal base [56], which includes:

[00139] Outer fixed portion [7];

[00140] First flexural spoke [26], in which is formed:

[00141] Quasi-free boundary condition feature [29];
[00142] Inner sensing portion [ 18], in which is formed:

[00143] Ampoule connection location [19];

uuuuuuuu
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[00144] First top strain gauge one [23a], First top strain gauge two [23b], First

bottom strain gauge one [23c], and First bottom strain gauge two [23d] fixed to the Metal base
[56] as shown. These gauges, in a preferred embodiment, are resistive strain sensors formed in
flexible printed circuit board and mounted to the Metal base [56] but can also be semiconductor
strain sensors. This configuration of gauges is duplicated on each flexural spoke using the same
configuration of four strain gauges on each.

[00145] An advantage of the strain gauge layout as shown in Fig. 4 is that the sensor is
sensitive to axial direction deflection of the flexural spoke and insensitive to twisting of the
spoke, lateral bending, overall compression or tension, and temperature variation. The full
bridge sensor configuration includes four strain gauges that are active resistors. When the strain
gauge 1s in compression, the resistance decreases. When the strain gauge is tension, the
resistance increases. In the set-up shown in Fig. 4, the voltage between terminals [38a] and
[38b] is proportional to the amount of strain. When a pulling force is applied to the spoke along
its longitudinal axis (i.e., the axis through the center of the spoke in a direction from inner
portion [18] to outer portion [7]), the resistance of all strain gauges increases and the measured
voltage does to change. Twisting of the spoke along its longitudinal axis or sideways bending
of the spoke also does not change the voltage at terminals [38a] and [38b], because the increase
in resistance of some gauges cancels out the decreases in resistance of other gauges. Lateral
bending also causes compressive and tensile loads to be placed on the gauges, but due to the
wiring, the changes in resistance cancel and the lateral bending is rejected by the strain gauge
array as shown in Fig. 4. Temperature variations that effect the entire strain gauge array cause
all gauges to experience additional compression or tension, which is rejected by the wiring in
Fig. 4.

[00146] The strain gauge layout and sensor configuration can measure axial force (F,), along
a major axis of the device, and lateral torques (T and Ty). From the lateral torques the force at
the tip of the ampoule, e.g., at the nozzle, can be calculated. Further details of the calculation of
axial and lateral forces are described below in references to Figs. 20 and 21.

[00147] Fig. 5 illustrated beam bending in fixed-fixed, fixed-free, and fixed-quasi-free states
when loaded. The figure illustrates the benefits of the Quasi-free boundary condition feature
[29].

[00148] Fig. 5 shows Fixed/fixed flexural spoke configuration [44] in a Force-free state
[59] and an Applied force state [60], whereby the arrow indicates the direction of force
application, in the latter of which is observed:

[00149] Fully compressive zone [30] on the top and bottom and a Fully tensile
zone [31] on the top and bottom of the Fixed/fixed flexural spoke configuration [44] which are

separated by a line indicating the Tension/compression transition [47]. The Fully compressive
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zone [30] and Fully tensile zone [31] occupy equal areas in a beam with a constant cross section

when loaded in a Fixed/fixed flexural spoke configuration [44]. This limits the size of a
displacement force sensor to exactly half of the length of the flexure for maximum signal
output.

[00150] Also shown in Fig. 5 is Fixed/free flexural spoke configuration [45] in a Force-
free state [59] and an Applied force state [60], whereby the arrow indicates the direction of
force application, in the latter of which is observed:

[00151] Fully compressive zone [30] on the top and a Fully tensile zone [31] on
the bottom of the Fixed/free flexural spoke configuration [45]. There exists no
Tension/compression transition [47] on the top or bottom surface. The Fully compressive zone
[30] and Fully tensile zone [31] occupy the entire top and bottom surface respectively when
loaded as shown, when a beam is loaded in a Fixed/free flexural spoke configuration [45]. This
is suitable when comparing the available fully compressive or tensile areas to which a strain
sensor may be mounted with the Fixed-fixed flexural spoke configuration, but is not appropriate
for use in a force sensor for a jet injector as there is no mechanical connection to the Inner
sensing portion [18] (Figs. 2A, 4) to which a Jet injector drug delivery ampoule assembly [2]
can be mounted.

[00152] Fig. 5 illustrates Fixed/quasi-free flexural spoke configuration [46] in a Force-
free state [59] and an Applied force state [60], whereby the arrow indicates the direction of
force application, in the latter of which is observed:

[00153] Fully compressive zone [30] on the top and bottom and a Fully tensile
zone [31] on the bottom of the Fixed/quasi-free flexural spoke configuration [46]. There exists
no Tension/compression transition [47] on the top surface and, while a Tension/compression
transition [47] exists on the bottom surface, it is skewed off center due to the Quasi-free
boundary condition feature [29] which allows for a Fully tensile zone [31] to be much larger on
the bottom surface than a Fully compressive zone [30]. This configuration increases the area
occupied by the Fully compressive zone [30] on the top surface and Fully tensile zone [31] on
the bottom surface, as compared to the Fixed/fixed flexural spoke configuration [44], to which a
strain sensor may be mounted (to maximize output signal). Additionally, the Quasi-free
boundary condition feature [29] allows for a mechanical connection to the Inner sensing portion
[18] to which a Jet injector drug delivery ampoule assembly [2] can be mounted, as compared to
the Fixed/free flexural spoke configuration [45] where such mounting was not possible.

[00154] Fig. 6 shows a top view of the sensing assembly with an alternative constraint
method using a slot and pin. The following components of the sensing assembly are shown:
[00155] Metal base [56], which includes:

[00156] Outer fixed portion [7];
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[00157] First flexural spoke [26]1,3Second flexural spoke [27], and Third flexural
spoke [28], each of which has formed in it:

[00158] Quasi-free boundary condition feature [29];

[00159] Inner sensing portion [ 18], in which is formed:

[00160] Ampoule connection location [19];

[00161] Constraint features [8], which includes:

[00162] Locating hole [12] and Locating slot [13] in this alternate
embodiment;

[00163] Securing features [10] (Fig. 2A), which comprises on the Metal base [56]
including:

[00164] Through hole one [15a], Through hole two [15b], and Through
hole three [15¢] through which;

[00165] Bolt one [9a], Bolt two [9b], and Bolt three [9¢] (Fig. 2B),

connect the Metal base [56] to the Adapter [32] (Fig. 2B) which mounts to the jet injector

housing in a preferred embodiment;

[00166] Sensor array [22] (Fig. 2B), which includes:

[00167] First strain sensor [23], Second strain sensor [24], and Third strain sensor
[25];

[00168] Locating pin one [14a] and Locating pin two [14b] (Fig. 2A) which would fit

into Locating hole [12] and Locating slot [13] to align the Sensing assembly [42] (Fig. 2A) to
the Adapter [32] (Fig. 2B);

[00169] This configuration requires fewer features formed in the Metal base [56] and only
two locating pins.

[00170] Fig. 7 shows a top view of a sensor assembly employing a taper constrain method.

Fig. 7 illustrates the following components:

[00171] Metal base [56], which includes:

[00172] Outer fixed portion [7] (Fig. 2A);

[00173] First flexural spoke [26], Second flexural spoke [27], and Third flexural
spoke [28], each of which has formed in it:

[00174] Quasi-free boundary condition feature [29];

[00175] Inner sensing portion [ 18], in which is formed:

[00176] Ampoule connection location [19];

[00177] Constraint features [8] (Fig. 2A), which includes:

[00178] Locating male taper [16] (not specifically shown — shown in Fig.

8) in this alternate embodiment;



WO 2017/123535 PCT/US2017/012826

[00179] Securing features [10] (ll;i‘g. 2A), which comprises on the Metal base [56],
which include:

[00180] Locating male taper [16] (not specifically shown — shown in Fig.
8) in this alternate embodiment;

[00181] While not a part of the Metal base [56], a Securing ring [17] engages with

External threads [36] (Fig. 8) on the Adapter [32] (Fig. 8). The Locating male taper [16] on the
Metal base [56] mates with the Locating female taper [35] on the Securing ring [17] to ensure
concentricity between the Metal base [56] and the Adapter [32] (Fig. 8) by fully constraining
the location with the mating taper and securing the assembly by clamping the Metal base [56] to
the Adapter [32] (Fig. 8) which mounts to the jet injector housing in a preferred embodiment;

[00182] Sensor array [22] (not specifically labeled), which includes:
[00183] First strain sensor [23], Second strain sensor [24], and Third strain sensor
[25];

[00184] This figure illustrates alternative Constraint features [8] and Securing features [10],
which in this embodiment are one in the same, namely locating male taper [16].
[00185] Fig. 8 shows a cross-section view of the sensor assembly of Fig. 7 employing a taper

a taper constraint method. Fig. 8 shows the following components:

[00186] Metal base [56], which includes:

[00187] Outer fixed portion [7];

[00188] Second flexural spoke [27], Third flexural spoke [28], and First flexural
spoke [26] (not shown), each of which has formed in it:

[00189] Quasi-free boundary condition feature [29];

[00190] Inner sensing portion [ 18], in which is formed:

[00191] Ampoule connection location [19];

[00192] Piston pass-through port [21] so that the piston can connect to the

actuator of a jet injector in a preferred embodiment;

[00193] Constraint features [8] (not specifically labeled), which includes:

[00194] Cross section view of Locating male taper [16] in this alternate
embodiment;

[00195] Securing features [10] (not specifically labeled), on the Metal base [56],
includes:

[00196] Locating male taper [16]

[00197] While not a part of the Metal base [56], a Securing ring [17] engages with

External threads [36] on the Adapter [32]. The Locating male taper [16] on the Metal base [56]
mates with the Locating female taper [35] on the Securing ring [17] to ensure concentricity

between the Metal base [56] and the Adapter [32] by fully constraining the location with the
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mating taper and securing the assembly by clamping the Metal base [56] to the Adapter [32],

which mounts to the jet injector housing in a preferred embodiment. Thus, the securing ring

[17] and taper [16] on metal base [56] provide a self-centering feature.

[00198] Sensor array [22] (not specifically labeled), which includes:

[00199] Second strain sensor [24], Third strain sensor [25] and (First strain sensor
[23] (not shown);,

[00200] Adapter [32] in which has been formed:

[00201] Clearance space [37] so that the bottom strain sensors and required

wiring have a space in which to occupy.

[00202] This figure illustrates in cross-section alternative Constraint features [8] and
Securing features [10], which in this embodiment are one in the same.

[00203] Fig. 9 shows a top view of a rigid single-part printed circuit board. Fig 9 illustrates

the following components:

[00204] Rigid one-part printed circuit board jet injector force sensor [1b], which includes:
[00205] Rigid single-part PCB base [48], which includes:

[002006] Outer fixed portion [7];

[00207] Inner sensing portion [ 18], onto which is mounted:

[00208] Threaded insert [20] which may be made of metal,
polymer, or composite, in which is formed:

[00209] Ampoule connection location [19];

[00210] First flexural spoke [26], Second flexural spoke [27], and Third
flexural spoke [28], each of which has formed in it:

[00211] Quasi-free boundary condition feature [29];

[00212] Constraint features [8] (not specifically labeled), which include

constraint features and methods described earlier, for example with respect to Figs. 2A, 2B, 3A
or 3B, or other methods.

[00213] Securing features [10] (not specifically labeled), which include in
this embodiment on the Rigid single-part PCB base [48]

[00214] Through hole one [15a], Through hole two [15b], and
Through hole three [15¢] through which

[00215] Bolt one [9a], Bolt two [9b], and Bolt three [9¢] (none of
which are shown, but see, e.g., Fig. 2B), connect the Rigid single-part PCB base [48], to the
Adapter [32] (not shown, but see Fig. 2A) which mounts to the jet injector housing in a
preferred embodiment.

[00216] Sensor array [22] (not specifically labeled), which includes:
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[00217] First strain sensor [23], Second strain sensor [24], and Third strain

sensor [25], represented as resistive strain gauge arrays in a preferred embodiment;

[00218] Connector [49] from which signals can be outputted from the sensor;
[00219] Integrated circuitry [50] which can perform, for example, processing,
calibrating, mapping, and transmitting of raw data from the strain sensors.

[00220] The embodiment of Figs. 9 and 10 presents a self-contained design that may only
require power input and that can transmit the axial and lateral force data to be displayed on a
visual, audible, or tactile feedback display, which is accomplished with a rigid one-part printed
circuit board.

[00221] Fig. 10 shows a cross-section view of a rigid single-part printed circuit board of Fig.

9. Fig 10 illustrates the following components:

[00222] Rigid one-part printed circuit board jet injector force sensor [1b], which includes:
[00223] Rigid single-part PCB base [48], which includes:

[00224] Outer fixed portion [7];

[00225] Inner sensing portion [18], onto which is mounted:

[00226] Threaded insert [20] which may be made of metal,
polymer, or composite, in which is formed:

[00227] Ampoule connection location [19];

[00228] Piston pass-through port [21] so that the piston can
connect to the actuator of a jet injector in a preferred embodiment;

[00229] Second flexural spoke [27], First flexural spoke [26] (not shown)
and Third flexural spoke [28] (not shown), each of which has formed in it:

[00230] Quasi-free boundary condition feature [29];

[00231] Constraint features [8] (not specifically labeled), which include

constrain features and methods described earlier, for example, with respect to Figs. 2A, 2B, 3A

or 3B, or other methods;

[00232] Securing features [10] (not specifically labeled), which include in
this embodiment on the Rigid single-part PCB base [48]

[00233] Through hole one [15a], Through hole two [15b], and
Through hole three [15¢], of which a cross section view of Through hole one [15a] is shown,
through which;

[00234] Bolt one [9a], Bolt two [9b], and Bolt three [9¢] (not

shown), connect the Rigid single-part PCB base [48] to the Adapter [32] (not shown, but see
Figs. 2A and 2B) which mounts to the jet injector housing in a preferred embodiment;

[00235] Sensor array [22] (not specifically labeled), which includes:
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[00236] Second strain sensor [24], First strain sensor [23] and Third strain sensor
[25] (not shown);,
[00237] Integrated circuitry [5S0] which can, for example, perform processing, calibrating,

mapping and transmitting raw data from the strain sensors.
[00238] Fig. 11 shows a top view of a rigid two-part printed circuit board. Fig 11 illustrates

the following components;

[00239] Rigid two-part printed circuit board jet injector force sensor [1¢], which includes:
[00240] Rigid two-part PCB base [51], which includes:
[00241] Rigid top-part PCB substrate [S1a] and Rigid bottom-part PCB

substrate [S1b] (shown more distinctly in Fig. 12) which are joined together at Connection

interface [52] with, for example, adhesive or solder, and which (when combined) includes:

[00242] Outer fixed portion [7];

[00243] Inner sensing portion [ 18], onto which is mounted:
[00244] Threaded insert [20] which may be made of metal,
polymer, or composite, in which is formed:

[00245] Ampoule connection location [19];
[002406] First flexural spoke [26], Second flexural spoke [27], and
Third flexural spoke [28], each of which has formed in it:

[00247] Quasi-free boundary condition feature [29];
[00248] Constraint features [8] (not specifically labeled), which

includes: constraint features and methods described earlier, such as with respect to Figs. 2A, 2B,
3A or 3B, or other suitable methods;

[00249] Securing features [10] (not specifically labeled), which
includes in this embodiment on the Rigid two-part PCB base [51]

[00250] Through hole one [15a], Through hole two [15b],
and Through hole three [15¢] through which;

[00251] Bolt one [9a], Bolt two [9b], and Bolt three [9¢]
(none of which are shown), connect the Rigid two-part PCB base [51] to the Adapter [32] (not
shown, but see Fig. 2A) which mounts to the jet injector housing in a preferred embodiment.
[00252] Sensor array [22] (not specifically labeled), which includes:

[00253] First strain sensor [23], Second strain sensor [24], and Third strain sensor
[25], represented as resistive strain gauge arrays in a preferred embodiment;

[00254] Connector [49] from which signals can be outputted from the sensor;

[00255] Integrated circuitry [5S0] which can perform, for example, processing, calibrating,

mapping, and transmitting raw data from the strain sensors.
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[00256] Fig. 12 shows a cross-section view of the rigid two-part printed circuit board of Fig.

11. Fig 12 illustrates the following components:

[00257] Rigid two-part printed circuit board jet injector force sensor [1¢], which includes:
[00258] Rigid two-part PCB base [51], which includes:
[00259] Rigid top-part PCB substrate [S1a] and Rigid bottom-part PCB

substrate [S1b] which are joined together at Connection interface [52] with, for example,

adhesive or solder, and which (when combined) comprise of:

[00260] Outer fixed portion [7];

[00261] Inner sensing portion [18], onto which is mounted:
[00262] Threaded insert [20] which may be made of metal,
polymer, or composite, in which is formed:

[00263] Ampoule connection location [19];
[00264] Piston pass-through port [21] so that the
piston can connect to the actuator of a jet injector in a preferred embodiment;

[00265] Second flexural spoke [27] First flexural spoke [26] (not
shown) and Third flexural spoke [28] (not shown), each of which has formed in it:

[00266] Quasi-free boundary condition feature [29];
[00267] Constraint features [8] (not specifically labeled), which

comprises of: constraint features and methods described earlier or other methods;
[00268] Securing features [10] (not specifically labeled), which
includes in this embodiment on the Rigid two-part PCB base [51]

Through hole one [15a], Through hole two [15b], and Through hole three [15¢], of
which a cross section view of Through hole one [15a] is shown, through which;
[00269] Bolt one [9a], Bolt two [9b], and Bolt three [9¢]
(not shown), connect the Rigid two-part PCB base [51] to the Adapter [32] (not shown) which
mounts to the jet injector housing in a preferred embodiment;
[00270] Sensor array [22] (not specifically labeled), which includes:
[00271] Second strain sensor [24] (shown in cross-section), First strain sensor
[23] (not shown) and Third strain sensor [25] (not shown);,
[00272] Integrated circuitry [50] which can, for example, perform processing, calibrating,
mapping and transmitting raw data from the strain sensors.
[00273] The embodiment of Figs. 11 and 12 presents a self-contained design that may only
require power input and can transmit the axial and lateral force data to be displayed on a visual,
audible, or tactile feedback display. The embodiment includes an assembly of two rigid PCB
substrates joined together which eliminates the need, such as may be present in the Rigid single-

part PCB base [48] of Figs. 9 and 10, for further machining of the PCB substrate beyond
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machining the profile of the substrate. Instead, with the Rigid two-part PCB base [51], the

Connection interface [52] can be covered with solder paste (presuming that both inner sides of
each PCB substrate part have a metal coating), the parts can be aligned using a jig, and the
entire assembly can be placed in a reflow oven. When cool, the solder has formed a secure bond
between the upper and lower PCB substrate components.

[00274] Fig. 13 shows a top view of a two-part rigid, one-part flex printed circuit board
sensor. Fig 13 illustrates the following components;

[00275] Rigid two-part, flexible one-part flex printed circuit board jet injector force
sensor [1d], which includes:

[00276] Rigid two-part, flexible one-part PCB base [61], which includes:
[00277] Rigid top-part PCB substrate [S1a], Rigid bottom-part PCB
substrate [S1b] (not specifically shown), Center-part flex PCB substrate [53] (all shown more
distinctly in Fig. 14) which are joined together at Upper connection interface [S4a] and Lower

connection interface [54b] with, for example, adhesive or solder, and which (when combined)

includes:

[00278] Outer fixed portion [7];

[00279] Inner sensing portion [ 18], onto which is mounted:
[00280] Threaded insert [20] which may be made of metal,
polymer, or composite, in which is formed:

[00281] Ampoule connection location [19];
[00282] First flexural spoke [26], Second flexural spoke [27], and
Third flexural spoke [28], each of which has formed in it:

[00283] Quasi-free boundary condition feature [29];
[00284] Constraint features [8] (not specifically labeled), which
includes: constraints and methods described earlier with respect to Figs. 2A-3B or other
methods;

[00285] Securing features [10] (not specifically labeled), which

includes in this embodiment on the Rigid two-part, flexible one-part PCB base [61],

Through hole one [15a], Through hole two [15b], and Through
hole three [15¢] through which;
[00286] Bolt one [9a], Bolt two [9b], and Bolt three [9¢]
(none of which are shown, but see, e.g., Fig. 2A), connect the Rigid two-part, flexible one-part
PCB base [61] to the Adapter [32] (not shown) which mounts to the jet injector housing in a
preferred embodiment.

[00287] Sensor array [22] (not specifically labeled), which includes:
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[00288] First strain sensor [23], Second strain sensor [24], and Third strain sensor

[25], represented as resistive strain gauge arrays in a preferred embodiment;

[00289] Connector [49] from which signals can be outputted from the sensor;

[00290] Integrated circuitry [50] which can be used to perform processing, calibrating,
mapping, and transmitting raw data from the strain sensors.

[00291] Fig. 14 shows a cross-section view of the sensor of Fig. 13, including the two-part

rigid, one part flex printed circuit board. Fig 14 illustrates the following components:

[00292] Rigid two-part, flexible one-part flex printed circuit board jet injector force
sensor [1d], which includes:

[00293] Rigid two-part, flexible one-part PCB base [61], which includes:
[00294] Rigid top-part PCB substrate [S1a], Rigid bottom-part PCB

substrate [S1b] (not specifically shown), Center-part flex PCB substrate [S3] which are joined
together at Upper connection interface [S4a] and Lower connection interface [54b] with, for

example, adhesive or solder, and which (when combined) includes:

[00295] Outer fixed portion [7];

[00296] Inner sensing portion [ 18], onto which is mounted:
[00297] Threaded insert [20] which may be made of metal,
polymer, or composite, in which is formed:

[00298] Ampoule connection location [19];
[00299] Piston pass-through port [21] so that the
piston can connect to the actuator of a jet injector in a preferred embodiment;

[00300] Second flexural spoke [27] First flexural spoke [26] (not
shown) and Third flexural spoke [28] (not shown), each of which has formed in it:

[00301] Quasi-free boundary condition feature [29];
[00302] Constraint features [8] (not specifically labeled), which

includes: constraint features and methods described earlier, such as with respect to Figs. 2A-3B,
or other suitable features and methods;

[00303] Securing features [10] (not specifically labeled), which
includes in this embodiment on the Rigid two-part, flexible one-part PCB base [61]

[00304] Through hole one [15a], Through hole two [15b],
and Through hole three [15c¢], of which a cross section view of Through hole one [15a] is
shown, through which;

[00305] Bolt one [9a], Bolt two [9b], and Bolt three [9¢]
(not shown), connect the Rigid two-part, flexible one-part PCB base [61] to the Adapter [32]
(not shown, but see Fig. 2A) which mounts to the jet injector housing in a preferred

embodiment.
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[003006] Sensor array [22] (not speciﬁca%lly labeled), which includes:

[00307] Second strain sensor [24] First strain sensor [23] (not shown) and Third
strain sensor [25] (not shown);

[00308] Integrated circuitry [50] which can, for example, be programmed or configured

for processing, calibrating, mapping, and transmitting raw data from the strain sensors.

[00309] The embodiment of Figs.13 and 14 presents a self-contained design that may only
require power input and can transmit the axial and lateral force data to be displayed on a visual,
audible, or tactile feedback display. The embodiment includes an assembly of one flexible PCB
substrate sandwiched between two rigid PCB substrates joined together which eliminates the
need, such as may be present in the Rigid single-part PCB base [48] of Fig. 10, for further
machining of the PCB substrate beyond machining its profile. Instead, with the Rigid two-part
PCB base [51], the Upper and lower connection interfaces [S4a and 54b, respectively] can be
covered with solder paste (presuming that both inner sides of each rigid PCB substrates and
both sides of the flexible PCB substrate have a metal coating). The parts can then be aligned
using a jig and the entire assembly can be placed in a reflow oven. When cool, the solder has
formed a secure bond between the layers.

[00310] Fig. 15 shows a top view of a one-part flex, aluminum base printed circuit board
force sensor. Fig 15 illustrates the following components:

[00311] Flexible two-part printed circuit board, aluminum base jet injector force sensor

[1e], which includes:

[00312] Metal base [56], which includes:
[00313] Outer fixed portion [7] (not specifically labeled),
[00314] First flexural spoke [26], Second flexural spoke [27], and Third

flexural spoke [28], of which a cross section view of First flexural spoke [26], and partial view

of Third flexural spoke [28] are shown, both of which has formed in it:

[00315] Quasi-free boundary condition feature [29];

[00316] Inner sensing portion [ 18] (not specifically labeled), in which is
formed:

[00317] Ampoule connection location [19];

[00318] Constraint features [8] (not specifically labeled), which includes:

constraint features and methods described earlier, such as with respect to Figs. 2A-3B, or other

suitable features and methods;

[00319] Securing features [10] (not specifically labeled), which include on
the Metal base [56]:
[00320] Through hole one [15a], Through hole two [15b], and

Through hole three [15c];
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[00321] Bolt one [9a], Bolt two [9b], and Bolt three [9¢] (not

shown) connect the Metal base [56] to the Adapter [32] (not shown) that mounts to the jet
injector housing in a preferred embodiment.

[00322] Sensor array [22] (not specifically labeled), which includes:

[00323] Flexible top-part PCB substrate [55a], Flexible bottom-part PCB
substrate [55b], in which are formed:

[00324] First strain sensor [23], Second strain sensor [24], and Third strain
sensor [25], represented as resistive strain gauge arrays in a preferred embodiment;

[00325] Fig. 16 shows a cross-section view of the sensor of Fig. 15 including the two-part
flex printed circuit board mounted on an aluminum base. Fig 15 illustrates the following
components:

[00326] Flexible two-part printed circuit board, aluminum base jet injector force sensor

[1e], which includes:

[00327] Metal base [56], which includes:
[00328] Outer fixed portion [7] (not specifically labeled),
[00329] Cross-section view of the Second flexural spoke [27] First

flexural spoke [26] (not shown) and Third flexural spoke [28] (not shown), each of which has

formed in it:

[00330] Quasi-free boundary condition feature [29];

[00331] Inner sensing portion [ 18] (not specifically labeled), in which is
formed:

[00332] Ampoule connection location [19];

[00333] Piston pass-through port [21] so that the piston can

connect to the actuator of a jet injector in a preferred embodiment;
[00334] Constraint features [8] (not specifically labeled), which includes:
constraint features and methods described earlier, such as with respect to Figs. 2A-3B, or other

suitable features and methods;

[00335] Securing features [10] (not specifically labeled), which includes
in this embodiment on the two-part, flexible PCB mounted on aluminum base

[00336] Through hole one [15a], Through hole two [15b], and
Through hole three [15¢], of which a cross section view of Through hole one [15a] is shown,
through which

[00337] Bolt one [9a], Bolt two [9b], and Bolt three [9¢] (not

shown), connect the Metal base [56] to the Adapter [32] (not shown) which mounts to the jet
injector housing in a preferred embodiment;

[00338] Sensor array [22] (not specifically labeled), which includes:
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[00339] Flexible top-part PCB substrate [55a], Flexible bottom-part PCB
substrate [55b], in which are formed:
[00340] Second strain sensor [24], First strain sensor [23] (not shown) and

Third strain sensor [25] (not shown);,

[00341] The embodiment of Figs. 15 and 16 presents a design that improves upon the above
described embodiments using the Metal base [56] by requiring only two flexible PCB substrates
containing the strain sensors to be mounted to the top and bottom of the Metal base [56], instead
of 6 double-array strain sensor pads, which in previous embodiments are resistive strain gauges.
[00342] Fig. 17 shows a top view of an on-board visual feedback system to guide the user to
minimize lateral forces on the nozzle. The figure illustrates:

[00343] Circumferential array [40] which includes LEDs in a preferred embodiment that
illuminate when the lateral forces exceed a pre-determined threshold to guide the user in
reducing these lateral forces. The circumferential array [40] includes:

[00344] Mluminated LED [41] and Non-illuminated LED [62].

[00345] These LEDs may point down towards the surface receiving injection,
tangentially to the surface receiving injection, or away from the surface receiving injection.
[003406] The other components shown in Fig. 17 have been described above, for example,
in reference to Figs. 9, 11, 13 and 15.

[00347] Fig. 18 shows a schematic diagram of a feedback loop between the user and the
multi-axis low-displacement force sensor. This figure shows an embodiment of possible data
flow in the system, for example, occurring onboard, in an integrated PCB design, or on a remote
data acquisition (DAQ) board located elsewhere on the device or located off the device
completely.

[00348] Fig. 19 shows a view of a visual feedback method that may be shown on a screen
integrated with the jet injector or on a separate monitor. This figure shows an embodiment of a
visual feedback method for communicating to the user the lateral and axial forces applied to the
nozzle. The Lateral and axial force display [63] includes:

[00349] Left hand side display which displays a Lateral force cursor [64] to indicate the
amount of lateral force applied to the nozzle. A threshold drawn as a circle [65] allows for the
user to see graphically if the lateral forces fall within a pre-determined appropriate range.
[00350] Right hand side display which displays an Axial force indicator [66] to indicate
the amount of axial force applied into the nozzle. Appropriate force level range [67] and
inappropriate force level range [68] are displayed and can be compared against the current force
level displayed by the Axial force indicator [66]. It is also possible to combine the left hand and
right hand displays into a single display. For example, the single display may be similar to the

left side display, in that lateral forces are represented as distances from a 0,0 origin in the plane,



WO 2017/123535 PCT/US2017/012826
24
but axial forces may be represented by colors (e.g., orange for under force range, green for in

force range, and red for over force range).
[00351] The feedback systems and methods described above may also include a lock-out
feature, whereby the user is prevented from initiating or continuing injection until the forces
applied to the nozzle are within an acceptable range.
[00352] Fig. 20 is a schematic flow diagram illustrating a system and process for measuring
axial force and resolving lateral forces using data obtained from a force sensor of the present
invention. The various inputs, outputs and processing blocks of the system and process will be
described.
[00353] Blocks labeled “RAW DATA”: The system first reads the raw voltage in mV from
the 3 full bridge strain gauge arrays that are each mounted on one of the 3 flexures of the force
sensor.
[00354] Blocks labeled “AXIAL CALIBRATION”: Three linear coefficients found
experimentally for each of the 3 strain gauges multiply the raw voltage in mV and convert the
measurements into a force supported by each flexure in N.
[00355] Block labeled “TOTAL AXIAL FORCE”: The total axial force is found by
summing the 3 force measurements from the 3 full bridge strain gauge arrays and subtracting
the average measured nominal force when no external forces are applied. If a load vector is
truly axial with no lateral components, the load on each flexure is 1/3 the total axial force.
[00356] Block labeled “RESOLVE X AND Y LATERAL DATA”: Next, using pre factors
based on trigonometry, the presumption that only vertical bending forces are measured, and the
presumption that the amount of vertical bending is linearly related to the magnitude of the
lateral force (all of which are true at small deflections), it is possible to resolve unscaled
representations of the X and Y lateral forces using combinations of the values measured from
the 3 full bridge strain gauge arrays using the equations shown. The measured values ay, a;, and
a, in this case already contain the pre factors from the axial calibration in an effort to normalize
them with each other.
[00357] Pre factors are coefficients. In the case of the “pre factors” for a, a;, and ay, the pre
factors are calibration coefficients which convert mV to N (assuming a linear relationship). In
the case of trigonometric pre factors, each factor is a trig coefficient that is converting the force
along the hypotenuse to a force in the x or y direction for a given angle.
[00358] Block labeled “ROTATIONAL CORRECTION (GEOMETRIC)”: This procedure
takes the rotation matrix (with theta given as an angle between the x axis of the sensor and
desired device x axis):

[ cos (theta) sin (theta)

-sin (theta) cos (theta) ]
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[00359] times the unscaled force vector

[X, Y]
[00360] to get the geometric rotational corrected unscaled force vector

[X, Y]
[00361] This provides correction if a force sensor’s X and Y axes are not physically aligned
with the rest of the device.
[00362] Block labeled “SKEW CORRECTION (EXPERIMENTAL)”: This procedure
corrects for skew in the axes which can arise from a number of sources, such as due to the
normalization detailed in the “Resolve X and Y Lateral Data” procedure, which is close but not
an exact normalization for the lateral force measurements.
[00363] Here, we find angles a and b, where a is the angle between the measured and desired
y axes (or Y’ and Y”’, respectively) and b is the angle between the measured and desired x axes
(or X* and X, respectively). We look to eliminate angles a and b such that the measured X and
Y forces are indeed orthogonal.
[00364] We then say that the skew matrix (with a and b defined above) is:

[ 1 -tan(a)

-tan(b) 1+(tan(a)*tan(b)) ]
[00365] times the geometric rotational corrected unscaled force vector

[X, Y]
[00366] gives the experimentally skewed rotational corrected unscaled force vector

[X", Y"]
[00367] Block labeled “X & Y CALIBRATION”: In this procedure, 2 linear coefficients
found experimentally multiply the X" and Y" raw values (which report the value of force in
fake units of force (“N”)) to get the true values of lateral force X and Y reported in N. Average
offsets measured when no external forces are applied are subtracted from the measured value to
properly zero the measurement. The final X and Y measurements can then be transformed into
a lateral force vector, which has a magnitude and angle.
[00368] In matrix operation, the axial force Faxiar, can be expressed as:

- - G(}
Faxiar = Co €1 Col |y
Ga

and the lateral force components Fx and Fy can be expressed as:

R} e 03] 1 ~tanta)  1{cost® sin@)]]o - G| © 0 jau
FelTL0 Ly |~tan(d) 1 tan(@tan(t)] | ~sin(®) cos®)| |q L |
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where ¢, c1, ¢2, Ly, Ly, a and b are all determined by experimental calibration, theta is

determined by geometry, and ao, a; and a, are measured.

[00369] Fig. 21 is diagram illustrating the lateral force theoretical framework, including an
example force sensor, forces on the tip of an ampoule, and associated force equations. The
figure is a more detailed illustration of the procedure of the Block labeled “Resolve X and Y
Lateral Data” of Fig. 20.

[00370] InFig. 21, on the left, a top down view of the force sensor is shown with the center
lines of each flexure indicated, spaced equally 120 degrees apart. In the middle and on the right,
three scenarios are shown. The scenarios include, from top to bottom, one where no lateral
force is applied, one where only a lateral force in the Y direction is applied, and one where only
a lateral force in the X direction is applied to the tip of the ampoule in the direction of the
bolded arrows. The equations shown in each box represent the theoretical model built to resolve
the lateral forces (based on trigonometry), where “X” and “Y” represent an unscaled value for
the lateral forces (which, would also need to be corrected for skew and geometric factors).
[00371] In the first scenario where no lateral force is applied to the tip of the ampoule (but a
normal force may be applied), ay, a1, and a; (the differential voltage measurements from each
full bridge strain gauge mounted on the 3 flexures) are at some value. When the axial force
calibration is applied, i.e., the experimentally derived factors (co, ¢1, and ¢;) for each flexure are
multiplied by the raw data (ao, a;, and a,) to convert mV to N supported by that bridge, the
values from the 3 flexures are equal. Indeed, when equal quantities for co*ao, ¢1*a;, and c,*a,
are substituted into the equations for lateral force values in the x and y directions, the output is 0
in both X and Y lateral directions. If an axial force is superimposed on top of these values, the
equations still yield O as the model is constructed such that that purely lateral applied forces do
not effect purely axial force measurements and vice versa.

[00372] In the second scenario where a lateral force in the Y direction is applied to the tip of
the ampoule, all arrays are loaded and output some non-zero measurement due to the lateral
force application. It is assumed that, because of symmetry, the a; and a; flexures measure equal
values of bending in the vertical direction due to the lateral loading and reject all torsion, side
bending, or overall compression due to the lateral loading (because of the full bridge strain
gauge configuration employed in this sensor), and therefore c;*a,, and ¢;*a; are equal. It is
assumed that, again because of symmetry, the a, flexure exhibits only vertical bending due to
lateral loading and no torsion, side bending or compression due to lateral loading (although
these latter three would be rejected anyway for the same reason as above). Therefore, when the
equations are applied, the equations indeed resolve a non-zero value in the Y direction and 0 in
the X direction. Again, if an axial force is superimposed on top of these values, the equations

still yield the same results.
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[00373] In the third scenario where a lateral force in the X direction is applied to the tip of

the ampoule, all arrays are put under load. However, it is assumed that the a, flexure is in
torsion only and, therefore, does not register any vertical bending, side bending, or compression
due to lateral loading; co*ao is at some nominal value. It is assumed that, because of symmetry,
c1*ay, and c,*a, values that are equal but opposite from the nominal value of cp*ay because the
a) flexure is forced upwards and the a, flexure is forced downwards. Again, it is assumed that
all torsion, side bending, and compression of these flexures is rejected due to the full bridge
strain gauge configuration employed. When the equations are applied, the equations indeed
resolve a non-zero value in the X direction and O in the Y direction. Again, if an axial force is
superimposed on top of these values, the equations still yield the same results.

[00374] From here, lateral forces not along either the X or Y axes can be constructed by
combining the X and Y components derived above.

[00375] A search has identified the following prior art relating to force sensors:

[00376] US patent application publication 2012/0266694 A1 (“Multiaxial force-torque
sensors”) presents a configuration of strain gauges mounted only on one side of the flexures and
utilizes flexures that have a fixed boundary condition at both ends. The former precludes the
ability to employ a full bridge strain gauge array, which allows for the measurement of much
smaller deflections. The latter requires that the strain sensors be confined to half of the length of
the flexure in either a fully compressive or fully tensile zone to achieve maximum signal output,
which means that the strain sensors are confined to half of the surface area on the top and
bottom of the flexure. With this constraint, the flexures must be twice the length of the strain
sensor for maximum signal output for a set flexure length.

[00377] US Patent 4,448,083 (“Device for measuring components of force and moment in
plural directions”) presents spokes with flexible sections to provide flexibility when loaded with
a moment around the central axis. However, because only the width has been modified and not
the depth when viewed from the top, the spokes would still present significant stiffness when
loaded with a vertical force, normal to the top surface of the central hub. Because beam stiffness
at any location is linearly related with width of the spoke and cubically related to height of the
spoke, these cutouts are relatively inefficient at making the boundary condition behave more
“free-like” versus “fixed-like” when loaded along the central axis, normal to the top surface of
the central hub. In addition, the strain sensors are arranged on spokes that form a cruciform
shape and the patent calls for strain sensors mounted on each spoke, which is both redundant
and unnecessary.

[00378] US Patent 8,250,934 B2 (“Multi-Axis force sensor and acceleration sensor”)
describes a sensor that includes a flexure with “strain-generating portions” which are formed by

varying the height of the flexure over its length. However, these features are formed merely to
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generate localized strain on the top surface of the device when the flexures are deformed and

preclude the ability to mount strain sensors on the bottom surface. They are not designed to
form a quasi-free boundary condition feature which is suitable for a full bridge strain gauge
array. In addition, strain sensors are shown arranged on spokes that form a cruciform shape,
which is both redundant and unnecessary.

[00379] US Patent 4,536,746 A (“Transducer for converting three-dimensional mechanical
input displacements into a corresponding electrical output signal”) describes a configuration of
flexible members to convert displacement to electrical signals. While deflections to applied
forces are necessary for an electro-mechanical sensor to output a signal, gross deflections would
cause misalignment between the piston and the ampoule causing the piston to jam when
actuated. In addition, the strain sensors are arranged on flexures that form a cruciform shape and
the patent calls for strain sensors mounted on each flexure, which is both redundant and
unnecessary. Further, a jet injector drug delivery ampoule assembly could not be mounted to
such a sensor.

[00380] US Patent 4,862,751 A (“Force-detecting apparatus™), US Patent 5,889,214 A (“6-
Component Load Cell”), and US Patent 4,905,523 A (“Force detector and moment detector
using resistance element”) describe a different configuration of flexible members again arranged
in a cruciform shape. This configuration is both redundant and unnecessary. There are
additionally a number of issues inherent with these cruciform shaped sensor arrays. The sensor
described in US Patent 4,862,751 1s overly complex, requiring a multitude of components
which, when assembled, form a significant length which would be difficult to implement on the
front of a jet injector. The sensor described in US Patent 5,889,214 requires small precision
features to be formed into the sides and top of each flexure that would be difficult to
manufacture. The sensor described in US Patent 4,905,523 also has fixed-fixed flexures, which
limit the area on the top and bottom to which strain sensors can be mounted in fully
compressive or fully tensile zones.

[00381] There are a few patents that describe multi-axis force sensors not designed
specifically in a cruciform shape. US Patent 4,836,034 A (“Force Sensing Apparatus”)
describes a sensor formed by circular holes cut around a circumference with strain sensors
mounted on the thin bridges between circular holes. However, sensing elements are formed on
one planar surface, precluding the ability to utilize sensing elements on both the top and bottom
of the deflecting structure to measure smaller deflections. In addition, eight or a multiple of 8
holes are placed circumferentially around the center, requiring the total number of sensing
elements to be at least 16, which is redundant and unnecessary. US Patent 4,763,531 A (“Force-
Torque Sensor”) describes a sensor configuration whereby a full bridge resistive strain gauge

sensor array is employed on at least three flexures. However, this is employed on two identical
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assemblies mounted on top of one another. The dual assemblies are designed to measure torque

as well as force, all of which may not be required in the application to jet injectors. In addition,
no quasi-free boundary condition elements have been formed into the flexure, meaning that the
flexures must be twice the length of the strain sensors so that said sensors can be placed in fully
compressive or fully tensile zones to maximize signal output.

[00382] There is a multitude of multi-axis force sensors formed in printed circuitry boards.
US Patent 6,951,142 B2 (“Six-axis force sensor chip and six-axis force sensor using the same”),
US Patent 7,536,923 B2 (“Force Sensor Chip”), and US Patent 5,263,375 A (“Contact detector
using resistance elements and its application”) are formed in a cruciform shape, which, as
described earlier, is unnecessary and redundant. In addition, these sensors are formed in such a
way that the deflection for a given force is very large due to a network of flexing elements. An
extreme example of a design which would lead to severe deformations is illustrated in US
Patent 7,490,524 B2 (“Force Sensor Chip”).

[00383] There are, moreover, a plethora of multi-axis force sensors that have been designed
for pointing or inducing virtual motion within a computer environment or for a joystick to
regulate electro-mechanical systems. These appear to focus on user input as a means to control
systems. Patents in this realm include US Patent 6,243,077 (“Sensor and circuit architecture for
three-axis strain gauge pointing device and force transducer”), US Patent 4,680,577
(“Multipurpose cursor control keyswitch™), US 5,640,178 A (“Pointing Device”), US 7,409,879
(“Construction machine comprising a joystick control”), US 5,854,622 A (“Joystick apparatus
for measuring handle movement with six degrees of freedom”), US 6,246,391 B1 (“Three-
dimensional tactile feedback computer input device”), US 6,681,880 B2 (“Control Lever”).
[00384] The teachings of all patents, published applications and references cited herein are
incorporated by reference in their entirety.

[00385] While this invention has been particularly shown and described with references to
example embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the scope of the
invention encompassed by the appended claims.

[00386] A list of parts is attached as Appendix A.
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Appendix A
Great Great”2
Child Grandchild |Grandchild |Grandchild
Number: Component: Component: |Component:|Component: |Component:
Jet injector drug delivery
2|ampoule assembly
3 Nozzle
Ampoule
4 inner volume
Threaded
5 connector
6 Piston
43 Piston tip
57 Piston shaft
Metal-based jet injector
lal|force sensor
Sensing
42 Assembly
56 Metal Base
Outer fixed
7 portion
First flexural
26 spoke Y
Second
flexural
27 spoke Y
Third
flexural
28 spoke Y
Quasi-free
boundary
condition
29 feature
Fully
compressive
30 zone
Fully tensile
31 zone
Fixed/fixed
flexural
spoke
configuratio
44 n
Fixed/free
flexural
spoke
configuratio
45 n
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Appendix A
Great Great”2
Child Grandchild |Grandchild |Grandchild
Number: Component: Component: |Component:|Component: |Component:
Fixed/quasi-
free flexural
spoke
configuratio
46 n
Tension/Co
mpression
47 Transition
Force-free
59 state
Applied force
60 state
Inner
sensing
18 portion
Ampoule
connection
19 location
Piston pass-
21 through port
Constraint
8 Features
Locating slot
11a one
Locating slot
11b two
Locating slot
11c three
Locating
12 hole
13 Locating slot
Locating
16 male taper
Securing
10 Features
Through
15a hole one
Through
15b hole two
Through
15c¢ hole three
Sensor
22 array
First strain
23 sensor
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Appendix A
Great Great”2
Child Grandchild |Grandchild |Grandchild
Number: Component: Component: |Component:|Component: |Component:
First top
strain gauge
23a one
First top
strain gauge
23b two
First bottom
strain gauge
23c one
First bottom
strain gauge
23d two
Second
24 strain sensor
Third strain
25 sensor
9a Bolt one
Sb Bolt two
Sc Bolt three
32 Adapter
33a Hole one
33b Hole two
33c Hole three
Threaded
34a hole one
Threaded
34b hole two
Threaded
34c hole three
External
36 threads
Clearance
37 Space
Locating pin
14b two
Locating pin
14c three
17 Securing ring
Locating
female
35 taper
58|Electrical circuit diagram
Regulated
voltage
39 source
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Appendix A
Great Great”2
Child Grandchild |Grandchild |Grandchild
Number: Component: Component: |Component:|Component: |Component:
Positive
38a signal output
Negative
38b signal output
Rigid one-part printed
circuit board jet injector
1b|force sensor
Rigid single-
part PCB
48 base
49 Connector
Integrated
50 circuitry
Threaded
20 insert
Rigid two-part printed
circuit board jet injector
1c|force sensor
Rigid two-
part PCB
51 base
Rigid top-
part PCB
51a substrate
Rigid
bottom-part
PCB
51b substrate
Connection
52 interface
Rigid two-part, flexible
one-part flex printed
circuit board jet injector
1d|force sensor
Rigid two-

61

part, flexible
one-part PCB
base

53

Center-part
flex PCB
substrate
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Great Great”2
Child Grandchild |Grandchild |Grandchild
Number: Component: Component: |Component:|Component: |Component:
Upper
connection
54a interface
Lower
conection
54b interface
Flexible two-part printed
circuit board, aluminum
base jet injector force
le|sensor
Flexible top-
part PCB
55a substrate
Flexible
bottom-part
PCB
55b substrate
40|Circumfrential Array
Illuminated
41 LED
Non-
illuminated
62 LED
Lateral and Axial Force
63|Display
Lateral Force
64 Cursor
65 Threshold
Axial Force
66 Indicator
Appropriate
Force Level
67 Range
Innapropriat
e Force Level
68 Range




WO 2017/123535 PCT/US2017/012826
35

CLAIMS

What is claimed is:

1. A device comprising three or more strain sensors formed on the upper and lower
surface of flexural spokes connecting an outer fixed portion to an inner sensing
portion to which an ampoule is fixed, and the addition on said flexural spokes of
quasi-free boundary conditions as to increase the area occupied by fully compressive
zones and fully tensile zones which occur on the top and bottom or vice versa on any
or all of said flexural spokes when said forces are applied.

2. The multi-axis force-sensing device of claim 1 wherein the base material of the
sensing assembly is of a rigid material.
3. The multi-axis force-sensing device of claim 2 wherein the quasi-free boundary

condition of the flexural spoke is attained by forming a cutout in the base material, as
seen from the side profile.

4. The multi-axis force-sensing device of claim 2 wherein the quasi-free boundary
condition of the flexural spoke is attained by a member with high flexibility in the
vertical direction (versus horizontal direction) connecting each flexural spoke to the
inner sensing portion.

5. The multi-axis force-sensing device of claim 2 wherein strain sensors are formed of
full-bridge resistive strain gauge arrays.

6. The multi-axis force-sensing device of claim 2 wherein strain sensors are formed of
semiconductor strain sensors.

7. A method of measuring both axial and lateral forces at the tip of an ampoule, the

method comprising three or more strain sensors formed on the upper and lower
surface of flexural spokes connecting an outer fixed portion to an inner sensing
portion to which the ampoule is fixed, and the addition on said flexural spokes of
features to enable quasi-free boundary conditions as to increase the area occupied by
fully compressive zones and fully tensile zones, that occur on the top and bottom or
vice versa on any or all of said flexural spokes, when said forces are applied to the
sensing portion.

8. The method of claim 7 wherein the sensing assembly is formed of individual resistive
strain gauges formed in flexible printed circuit board material fixed to a metal base
material.

9. The method of claim 7 wherein the sensing assembly is formed of a metal base

material and two sheets of flexible printed circuit board material, in which are formed
resistive strain gauges that are mounted to the upper and lower surface of the metal
base material.

10. The method of claim 7 wherein the sensing assembly is formed of a single piece of
rigid printed circuit board material, in which are formed resistive strain gauges on
upper and lower surfaces.

11. The method of claim 7 wherein the sensing assembly is formed of two separate pieces
of rigid printed circuit board material, in which are formed resistive strain gauges on
one side, the pieces being connected to each other in a later process.

12. The method of claim 7 wherein the sensing assembly is formed of two separate pieces
of rigid printed circuit board material, in which are formed resistive strain gauges on
one side, and one piece of flexible printed circuit board, all of which are connected to
each other in a later process.
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A needle-free injector, comprising:
a) an ampoule including a nozzle and a piston movable within the ampoule;
b) a controllable actuator coupled to the piston to drive the piston to eject a
substance through the nozzle; and
c) a force sensor between the ampoule and a housing of the actuator, the force

sensor including strain gauges from which forces at the nozzle are calculated.
A force sensor of claim 13, comprising:

1) an inner portion coupled to the ampoule;

i1) an outer portion coupled to the actuator;

i) flexural spokes connecting the inner portion to the outer portion;

iv) strain gauges placed at the spokes to measure strain, from which forces

at the nozzle are calculated.

The force sensor of claim 14, wherein the inner and outer portions are concentric
rings.
The force sensor of claim 15, wherein the inner portion includes a port through which
the piston extends.
The force sensor of claim 16, wherein the force sensor includes three flexural spokes.
The force sensor of claim 17, wherein the flexural spokes are radially symmetric.
The force sensor of claim 14, wherein each of the flexural spokes includes a notch.
The force sensor of claim 19, wherein each flexural spoke includes a top surface and
a bottom surface and wherein a portion of the strain gauges is placed at the top
surfaces of the spokes and the remaining portion of the strain gauges is placed at the
bottom surfaces of the spokes.
The force sensor of claim 20, wherein the notch of each spoke is formed near the
inner portion.
The force sensor of claim 21, wherein, at each spoke, the strain gauges are arranged
in a full bridge strain gauge array.
The force sensor of claim 14, wherein the inner portion, outer portion, and spokes are
integrally formed from a substrate.
The force sensor of claim 23, wherein the strain gauges are formed in printed circuit
board.
The force sensor of claim 24, wherein the substrate is metal and the strain gauges are
attached to the substrate.
The force sensor of claim 24, wherein the substrate is the printed circuit board in
which the strain gauges are formed.
The force sensor of claim 14, wherein the inner portion, outer portion, and spokes are
formed from multiple substrates that are bonded together.
The force sensor of claim 27, wherein the substrates include flexible and rigid
substrates including any combination of printed circuit boards, metal substrates and
polymer substrates.
The needle-free injector of claim 13, wherein the sensor further includes circuitry
coupled to the strain gauges to perform at least one of processing, calibrating,
mapping and transmitting strain data.
The needle-free injector of claim 13, further including an element to provide an
indication of the calculated forces.
The needle-free injector of claim 30, wherein the element is a display that provides
magnitude and direction of the calculated forces.
The needle-free injector of claim 31, wherein the display includes light-emitting
diodes placed at the outer portion of the force sensor.



33.

34.

35.

36.
37.
38.
39.
40.
41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

WO 2017/123535 PCT/US2017/012826

37

The needle-free injector of claim 31, wherein the display is projected onto the surface
being injected.

The needle-free injector of claim 31, wherein the display is remote from the force
sensor.

A force sensor for a needle-free injector, the sensor comprising:

a) an inner portion to couple to an ampoule of the needle-free injector;

b) an outer portion to couple to an actuator of the needle-free injector;

c) flexural spokes connecting the inner and outer portions, each of the spokes
having a region of reduced thickness; and

d) strain gauges place at the spokes, from which forces at a nozzle of the

ampoule are calculated.
The sensor of claim 35, wherein the region of reduced thickness is a notch in the
spoke.
The sensor of claim 36, wherein the notch is formed near the inner portion.
The sensor of claim 37, wherein the inner and outer portions are concentric rings.
The sensor of claim 38, wherein the flexural spokes are radially symmetric.
The sensor of claim 39, wherein the sensor includes three flexural spokes spaced 120
degrees apart.
The sensor of claim 35, wherein each flexural spoke has a constant width along a
length of the spoke.
The sensor of claim 35, wherein each flexural spoke includes a top surface and
bottom surface and wherein a portion of the strain gauges is placed at the top surfaces
of the spokes and the remaining portion of the strain gauges is placed at the bottom
surfaces of the spokes.
The sensor of claim 35, wherein, at each spoke, the strain gauges are arranged in a
full bridge strain gauge array.
The sensor of claim 35, wherein the inner portion, outer portion, and spokes are
integrally formed from a substrate.
The sensor of claim 44, wherein the strain gauges are formed in printed circuit board.
The sensor of claim 44, wherein the substrate is metal and the strain gauges are
attached to the substrate.
The sensor of claim 45, wherein the substrate is the printed circuit board in which the
strain gauges are formed.
The sensor of claim 35, wherein the inner portion, outer portion, and spokes are
formed from multiple substrates that are bonded together.
The sensor of claim 48, wherein the substrates include flexible and rigid substrates
including any combination of printed circuit boards, metal substrates, and polymer
substrates.
The sensor of claim 35, further including circuitry coupled to the strain gauges to
perform at least one of processing, calibrating, mapping and transmitting strain data.
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