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FIG. 1

(57) Abstract: A system for additive manufacturing includes a mobile implement system (12) with a nozzle (17), an implement system
pose sensor (36), and a controller (31). The controller determines a plurality of potential poses and a plurality of potential paths of
the nozzle. A desired pose and a desired path are selected and a sequence and rate of operation of the mobile implement system is
determined to permit the nozzle (17) to deposit sequential layers of material to form a desired structure (110). After moving the mobile
implement system towards the desired pose, a modified sequence and rate of operation of the mobile implement system is determined
that will cause the nozzle to follow the desired path even if the mobile implement system is not at the desired pose while depositing
the sequential layers of material along the desired path to form the structure.
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Description

CONTROL SYSTEM FOR MOVABLE ADDITIVE MANUFACTURING

Technical Field

This disclosure relates generally to a system for controlling an
additive manufacturing process and, more particularly, to a system and method of

controlling a movable implement system for use in additive manufacturing.

Background

Objects may be formed using additive manufacturing processes by
applying or generating sequential layers of matenial to form the object. In some
systems, the objects are formed by solidifying material within a container with
the object being formed moving downward within the container after forming
each layer. In other processes, layers of material are sequentially deposited on
previously formed layers.

While such additive manufacturing processes are generally used
within factories, laboratories, and other similar enclosed facilities, machines have
been developed for applying additive manufacturing processes in other
environments. However, using additive manufacturing outside the controlled
environment of a factory or laboratory presents additional difficulties 1o
generating high quality and accurate objects.

U.S. Patent No. 9,464,405 discloses an excavator configured for
additive manufacturing. The excavator includes a implement system having a
linkage system and a nozzle for depositing material in layers to form an object or
structure. In addition to the course adjustment of the position of the nozzle
provided by the linkage system, a further mechanism is provided for fine
adjustment of the position of the nozzle.

The foregoing background discussion is intended solely to aid the
reader. It is not intended to limit the innovations described herein, nor to limit or
expand the prior art discussed. Thus, the foregoing discussion should not be taken
to indicate that any particular element of a prior system is unsuitable for use with

the innovations described herein, nor s it intended to indicate that any element is
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essential in implementing the innovations described herein. The tmplementations
and application of the innovations described herein are detined by the appended

claims,

Summary

In one aspect, a system for additive manutacturing a structure at a
work site includes a mobile implement system, an implement system pose sensor,
and a controller. The mobile implement system has a linkage assembly including
a nozzle configured to deposit sequential layers of material to form the structure.
The implement system pose sensor generates implement system pose signals
indicative of a pose of the mobile implement system. The controller is configured
to access a site map of the work site, access a model of the structure to be
manufactured, and access a kinematic model and operating characteristics of the
mobile implement system. The controller is further configured to determine a
plurality of potential poses of the mobile implement system at the work site based
upon the site map and the model of the structure and for each potential pose,
determine a plurality of potential paths of the nozzle to form at least a portion of
the structure by depositing a plurality of sequential layers of material based upon
the site map, the model of the structure, the kinematic model and operating
characteristics of the mobile implement system. The controlier is also configured
to select a desired pose of the mobile implement systers from the plurality of
potential poses and a desired path of the nozzle from the plurality of potential
paths, determine a first sequence and rate of operation of the mobile implement
system based upon the desired path of the nozzle and the kinematic model and
the operating characteristics of the mobile implement system, with the first
sequence and rate of operation of the mobile implement system causing the
nozzle to follow the desired path while the mobile implement system is at the
desired pose, generate a mmovement command to move the mobile implement
system towards the desired pose, determine a current pose of the mobile
implement system at the work site based upon the implement system pose
signals, and determine a difference between the current pose and the desired

pose. Based upon at least the difference between the current pose and the desired
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pose, the controller generates a modified sequence and rate of operation of the
mobile implement system the modified sequence and rate of operation of the
mobile implement system causing the nozzle to follow the desired path while the
mobile implement system is at the current pose and generates command
instructions to move the nozzle along the desired path to depostt the sequential
layers of material along the desired path to form the at least a portion of the
structure.

In another aspect, a method of depositing sequential layers of
material to form a structure at a work site using a roobile implement systern
having a linkage assembly including a nozzle includes accessing a site map of the
work site, accessing a model of the structure to be manufactured, accessing a
kinematic model and operating characteristics of the mobile implement system,
and determining a plurality of potential poses of the mobile implement system at
the work site based upon the site map and the model of the structure. For each
potential pose, the method includes determining a plurality of potential paths of
the nozzle to form at least a portion of the structure by depositing a plarality of
sequential layers of material based upon the site map, the model of the structure,
the kinematic model and operating characteristics of the mobile implement
system, and then selecting a desired pose of the mobile tmplement system from
the plurality of potential poses and a desired path of the nozzle from the plurality
of potential paths and determining a first sequence and rate of operation of the
mobile implement system based upon the desired path of the nozzle and the
kinematic model and the operating characteristics of the mobile implement
system, with the first sequence and rate of operation of the mobile implement
system causing the nozzle to follow the desired path while the mobile implerent
systen is at the desired pose. The method also includes generating a movement
command to move the mobile implement system towards the desired pose,
determining a current pose of the mobile implement system at the work site based
upon implement system pose signals from an implement system pose sensor
indicative of a pose of the mobile implement system, determining a difference

between the current pose and the desired pose, generating a moditied sequence
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and rate of operation of the mobile implement system based upon at least the

difference between the current pose and the desired pose, with the moditied
sequence and rate of operation of the mobile implement system causing the
nozzle to follow the desired path while the mobile implement system is at the
current pose, and generating command instructions to move the nozzle along the
desired path to deposit the plurality of sequential layers of material along the
desired path to form the at least a portion of the structure.

In stili another aspect, a movable machine includes a traction
device, an implement system, an implerent system pose sensor, and a controller.
The traction device is configured to propel the movable machine about a work
site. The traplement system has a linkage assernbly including a nozzle configured
to deposit sequential layers of material to form the structure. The implement
system pose sensor generates implement system pose signals indicative of a pose
of the implement system. The countroller 1s configured to access a site map of the
work site, access a model of the structure to be manufactured, and access a
kinematic model and operating characteristics of the implement system. The
controller is further configured to determine a plurality of potential poses of the
implement system at the work site based upon the site map and the model of the
structure and for each potential pose, determine a plurality of potential paths of
the nozzle to form at least a portion of the structure by depositing a plurality of
sequential fayers of material based upon the site map, the model of the structure,
the kinematic model and operating characteristics of the implement system. The
countroller is also configured to select a desired pose of the implement system
from the plurality of potential poses and a desired path of the nozzle from the
plurality of potential paths, determine a first sequence and rate of operation of the
implement system based upon the desired path of the nozzle and the kinematic
model and the operating characteristics of the implement system with the first
sequence and rate of operation of the implement system causing the nozzle to
follow the desired path while the implement system is at the desired pose,
generate a movement command to move the implement system towards the

desired pose, determine a current pose of the implement system at the work site
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based upon the implement system pose signals, and determine a difference

between the current pose and the desired pose. Based upon at least the difference
between the current pose and the desired pose, the controller generates a modified
sequence and rate of operation of the implement system the moditied sequence
and rate of operation of the implement system causing the nozzle to follow the
desired path while the implement system is at the current pose and generates
command instructions to move the nozzle along the desired path to deposit the
sequential layers of material along the desired path to form the at least a portion

of the structure.

Fig. 1 depicts a diagrammatic illustration of an excavator
configured for additive manufacturing incorporating the principles disclosed
herein;

Fig. 2 depicts a simplified schematic of a control system within
the excavator of Fig. 1;

Fig. 3 depicts an enlarged diagrammatic view of a nozzle and
inspection system while depositing a layer of material;

Fig. 4 depicts an a diagraromatic view of the nozzle depositing a
layer of material as viewed along the layer of material;

Fig. S depicts a flowchart iHlustrating an additive manufacturing
process; and

Fig. 6 depicts a flowchart illustrating an alternate aspect of the

process of Fig. S.

Detailed Description

Fig. 1 tllustrates an exemplary work site 100 at which one or more
machines 10 such as hydraulic excavators may operate in an autonomous, a semi-
autonomous, or a manual manner. Work site 100 may include, for example, a
construction site, a road work site, a mine site, a landfill, a quarry, or any other
type of site. The machines 10 may perform desired operations or tasks at the

work site 100 such as forming structures using additive manufacturing techniques
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or processes. In doing so, the machines 10 may sequentially apply or deposit

layers 111 of material to ultimately form a desired object or structure 110. As an
example, machine 10 may be configured to deposit layers 111 of concrete
material to form all or a portion of a building or other structure 110

The machine 10 1s depicted as a hydraulic excavator having
multiple systems and components that cooperate to perform the desired additive
manufacturing operation. The machine 10 may include an implement system 12
comprising a swing member or platform 13, an undercarriage 14, a prime mover
15, and a linkage assembly 16 including a work implement configured as a
nozzle 17 for additive manutacturing. The platform 13 may be rotatably disposed
on undercarriage 14 and may include an operator station 18 from which an
operator may control some or all of the operations of the machine 10. Rotation of
the platform 13 relative to the undercarriage 14 may be effected by a swing motor
19,

The undercarriage 14 may be a structural support for one or more
traction devices 20 configured as ground engaging tracks operative to allow
translational motion of the machine 10 across a work surface 101 and thus permit
the implement system 12 to be a movable implement system. Alternatively, the
traction devices 20 may be configured as wheels, belts, or other traction devices
known in the art.

The prime mover 15 may provide power for the operation of the
machine 10. The prime mover 15 may embody a combustion engine, such as a
diesel engine, a gasoline engine, a gaseous fuel powered engine (e.g., a natural
gas engine), or any other type of combustion engine known in the art. The prime
mover 15 may alternatively embody a non-combustion source of power, such as a
tuel cell or a power storage device such as a battery coupled to a motor. The
prime mover 15 may provide a rotational output to drive the traction devices 20,
thereby propelling the machine 10. The prime mover 15 may also provide power
to other systems and components of the machine 10

The linkage assembly 16 may include one or more linkage

members configured to move the nozzle 17. In one example, the linkage
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assembly 16 may include a boom member 22 and a stick member 23. A first end
of the boom member 22 may be pivotally connected to the platform 13, and a
second end of the boom member may be pivotally connected to a first end of the
stick member 23. The nozzle 17 may be pivotally or movably connected to a
second end of stick member 23

Each linkage member may include and be operatively connected
to one or more actuators such as hydraulic eylinders. More specifically, the boom
member 22 may be propelled or moved along a path by one or more boom
hydraulic cylinders 26 {only one being shown in Fig. 1). The stick member 23
may be propelled by a stick hydraulic cylinder 27. Rotation of the nozzle 17
relative to the stick member 23 may be effected by a work implement hydraulic
cylinder 28 The linkage members may translate or rotate in a plane that s
generally orthogonal to the work surface 101, If desired, the nozzle 17 may be
configured for additional movement relative to the stick member 23 with an
additional nozzle positioning mechanism, indicated generally at 29 in Fig. 3, that
provides additional and/or fine adjustment of the position of the nozzle. An
example of such an additional nozzle positioning mechanism 29 is described in
more detail in U.S. Patent No. 9,464, 405.

Fach of the boom hydraulic cylinders 26, the stick hydraulic
cylinder 27, and the work implement hydraulic cylinder 28 may embody a linear
actuator having a tubular or cylindrical body and a piston and rod assembly
therein arranged to form two distinct pressure chambers. The pressure chambers
may be selectively supplied with pressurized fluid and drained of the pressurized
fluid to cause the piston and rod assembly to displace within the cylindrical body,
and thereby change the effective length of the hydraulic cylinders. The flow rate
of fluid into and out of the pressure chambers may relate to the speed of
extension or retraction of the hydraulic cylinders 26, 27, 28, while a pressure
differential between the two pressure chambers may relate to the force imparted
by the hydraulic cylinders to their associated linkage members. The extension

and retraction of the hydraulic cylinders results in the movement of the nozzle 17.
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It 1s also contemplated that the actuators may alternatively embody electric

motors, preuratic motors, or any other actuation devices.

The swing motor 19 may also be driven by differential fluid
pressure. Specifically, the swing motor 19 may be a rotary actuator including first
and second chambers (not shown) located on opposite sides of an umpeller (not
shown). By filling one chamber with pressurized fluid and draining the other
chamber of fluid, the iropeller is urged to rotate. The flow rate of fluid into and
out of the first and second chambers affects the rotational speed of swing motor
19, while a pressure differential across the impeller affects the output torque
thereof

Machine 10 may be controlied by a control system 30 as shown
generally by an arrow in Fig. 1 indicating association with the machine. The
control system 30 may include an electronic control module or controller 31 and
a plurality of seusors. The controlier 31 ruay control the operation of various
aspects of the machine 10 including the drivetrain and the hydraulic systems.

The controller 31 may be an electronic controller that operates in a
logical fashion to perform operations, execute control algorithis, store and
retrieve data and other desired operations. The controller 31 may include or
access memory, secondary storage devices, processors, and any other
components for running an application. The memory and secondary storage
devices may be in the form of read-only memory (ROM) or random access
memory (RAM) or integrated circuitry that is accessible by the controller.
Various other circuits may be associated with the controller 31 such as power
supply circuitry, signal conditioning circuitry, driver circuitry, and other types of
circuitry.

The controller 31 may be a single controller or may include more
than one controller disposed to control various functions and/or features of the
machine 10. The term "controller” is meant to be used in its broadest sense to
include one or more controliers and/or microprocessors that may be associated
with the machine 10 and that may cooperate in controlling various functions and

operations of the machine. The functionality of the controller 31 may be
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implemented in hardware and/or software without regard to the functionality. The

controller 31 may rely on one or more data maps relating to the operating
conditions and the operating environment of the machine 10 and the work site
100 that may be stored in the memory of or associated with the controllier. Each
of these data maps may include a collection of data in the form of tables, graphs,
and/or equations.

The control system 30 and the countroller 31 may be located on the
machine 10 as an on-board control system with an on-board controller or may be
distributed with components located remotely from the machine. The
functionality of control system 30 may be distributed so that certain functions are
performed at the machine 10 and other functions are performed remotely. In such
case, the control system 30 may inchide a communications system such as a
wireless communications system for wireless communication {(e.g., transnutting
and receiving signals) between the machine 10 and a system located remote from
the machine.

Machine 10 roay be counfigured to be operated autonomously,
semi-autonomously, or manually. As used herein, a machine 10 operating in an
autonomous manner operates automatically based upon information received
from various sensors without the need for human operator input. As an example,
a load or haul truck that automatically follows a path trom one location to another
and dumps a load at an end point may be operating autonomously. A machine
operating semi-autonomously includes an operator, either within the machine or
remotely, who performs some tasks or provides some input, and other tasks are
performed automatically and may be based upon information received from
various sensors. As an example, a haul truck that automatically follows a path
from one location to another but relies upon an operator command to dump a load
may be operating semi-autonomously. In another example of a semi-autonomous
operation, an operator may dump a bucket of an excavator 1n a haul truck and a
controller may automatically return the bucket to a position to perform another
digging operation. A machine being operated manually is one 10 which an

operator is controlling all or essentially all of the functions of the machine. A
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machine may be operated remotely by an operator (i.e., remote control) in either

a manual or semi-autonomous manner.

Machine 10 may be equipped with a plurality of sensors that
provide data indicative (directly or indirectly) of various operating parameters of
the machine and/or the operating environment i which the machine ts operating.
The term "sensor” is meant to be used in its broadest sense to include one or more
sensors and related components that roay be associated with the machine 10 and
that may cooperate to sense various functions, operations, and operating
characteristics of the roachine and/or aspects of the environment in which the
machine is operating,

An implement system pose sensing system 35, as shown generally
by an arrow in Fig. 1 indicating association with the machine 10, includes an
implement system pose sensor 36 to sense the position and orientation (i.e., the
heading, pitch, roll or tilt, and yaw) of the implernent system 12 relative to the
work site 100. The position and orientation are sometimes collectively referred to
as the pose. The implement system pose sensor 36 may include a plurality of
individual sensors that cooperate to generate and provide pose signals to the
controller 31 indicative of the position and orientation of the implement system
12.

In one example, the implement system pose sensor 36 may include
one or more sensors that interact with a positioning system such as a global
navigation sateHite system or a global positioning system to operate as a pose
sensor. In another example, the mplement system pose sensor 36 may further
include a slope or inclination sensor such as a pitch angle sensor for measuring
the slope or inclination of the implement systern 12 relative to a ground or earth
reference. The controller 31 may use the implement system pose signals from the
implement system pose sensor 36 to determine the pose of the implement system
12 within work site 100. In other exampies, the implement system pose sensor 36
may include an odometer or another wheel rotation sensing sensor, a perception
based system, or may use other systems such as lasers, sonar, or radar to

determine all or some aspects of the pose of implement system 12.
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The implement system pose sensor 36 may include a plurality of
angle sensors 37 {indicated separately from the implement system pose sensor 36

in Fig. 2) located near one or more joints of the linkage members (i.e., the boom

joint 40 between the platform 13 and the boom member 22, the stick joint 41

between the boom member 22 and the stick member 23, and the implement joint
42 between the nozzle 17 and the stick member 23), and between the platform 13
and the undercarriage 14. The angle sensors 37 may include rotary encoders,
potentiometers, or other angle or sensing devices for measuring the relative
angular position of components. In an alternate embodiment, the angle sensors 37
may measure the displacement of an actuator and the joint angles may be
calculated based upon the position of the actuators and the dimensions of the
linkage members. In another alternate embodiment, any or all of the angle
sensors 37 may be configured to measure an angular velocity or an angular
acceleration rather than angular position. Regardless of the type of the angle
sensors 37, the controller 31 may use output signals from the angle sensors to
determine the state of aspects of implement systern 12, such as, for example, the
position, the velocity, the acceleration, the angle, the angular velocity, and the
angular acceleration of each linkage member and the nozzle 17, as well as the
angle, the angular velocity, and the angular acceleration of the platform 13
relative to undercarriage 14.

The positions of the components of the machine 10 including the
implement system 12 may be determined based upon the kinematic model of the
machine together with the dimensions of the platform 13, undercarriage 14, boom
member 22, stick member 23, and nozzle 17, as well as the relative positions
between the various compounents. More specifically, the controller 31 may
include a data map that identifies the position of each component of the machine
10 based upon the relative positions between the various components. The
controller 31 may use the dimensions and the positions of the various
components to generate and store therein a three-dimensional electronic map of

the machine 10 at the work site 100, In addition, by knowing the speed or
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acceleration of certain components, the speed or acceleration of other

components of the machine 10 may be determined.

As best shown in Figs. 3-4, an inspection system 45 ts disposed or
positioned proximate to the nozzle 17. The inspection system 45 may be, but is
not himited to, an optical system {e.g., a camera}, a thermal or infrared imaging
system, or another system operative to detect characteristics of the layers 111 of
roaterial as they exit the nozzle 17 and are deposited in a desired location such as
on a previously formed laver. Inspection system 45 1s depicted as an optical
system with a camera system 46 and a light source 47 that extends along a
cantilevered beam 48 adjacent the nozzle 17, The camera systen 46 may be a
single camera, as depicted, or include multiple cameras. The camera system 46
may be disposed at an angle (e.g., 45 degrees) to the surface of the layer 111 of
material being deposited and to the light source 47

The light source 47 may be provided to increase or emphasize the
contrast between components adjacent the nozzle 17. In one embodiment, the
light source 47 is operative to generate a light beam counfigured as a line 50 (Fig.
4) with a relatively narrow width and a specified length. As depicted, the light
source 47 1s disposed or oriented so that the line 50 extends transverse to the
layer 111 of material being deposited and has a length greater than the width of
the layer. More specifically, the line 50 has a first or central section 51 that is
projected onto ot illuminates the upper surface of the layer 111 and two outer
sections 52 that project beyond the sides 53 of the layer.

The cantilevered beam 48 may be a rigid member that extends
from the nozzle 17 or the additional nozzle positioning mechanism 29 and
parallel to the layer 111 of material being deposited. By positioning the
cantilevered beam 48 along the layer 111 of material with the camera system 46
and the light source 47 thereon, a relatively high contrast image of the edges of
the layer of material may be captured by the camera system as the nozzle 17
deposits the layer of material.

Material may be supplied by a pump (not shown) from a source or

tank (not shown) through a hose 115 (Fig. 3) operatively connected to the nozzle
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17. In some embodiments, depending on the configuration of the nozzle 17 and

the material being deposited, the flowability or slump of the material may be
selected so that the thickness of each deposited layer 111 of material is generally
controlled by the height of the nozzle 17 above the last deposited layer of
material. However, the characteristics of the material are such that the width of
each layer 111 is dependent upon the rate at which the material is being pumped
through the nozzle 17 and the rate at which the nozzle is moving along its desired
path. Thus, the width of a layer 111 of material may be controlied by altering
either or both of the rate at which the material 1s tfed through the nozzle and the
rate at which the nozzle 17 is moved along its path by the implement system 12,

Due to the nature of pumping the concrete material from the
source or tank and through the hose 115, in some applications, adjusting the rate
at which the material may be pumped may be a relatively imprecise process. In
addition, since the pump is typically located at or near the source or tank and/or
due to the nature of a typical pump, adjustments to the operation of the pump
may not be immediately reflected in changes to the flow rate of material from the
nozzle 17. Accordingly, in some applications, it may be desirable to control the
width of the layer 111 of material by controlling the rate at which the nozzle 17 s
moved along its desired path,

To do so, the image data captured by the inspection system 45 can
be analyzed by the controller 31 to determine the width of the layer 111 of
material being deposited. The controller 31 may compare the width of the layer
111 being deposited as determined from the captured digital images to the
specification or model of the desired object or structure 110. If the width of the
depostted layer 111 varies from the specification or model (beyoud a desired
threshold or tolerance), the controller 31 may modity the command instructions
to change the rate at which the nozzle 17 moves along the desired path and thus
change the width of the laver of material being deposited.

Through such a process, the information acquired by the

inspection systern 45 may be used by the controller 31 to control the additive
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manufacturing process and improve the quality of the object or structure 110 or
improve the efficiency of the manufacturing process.

Referring back to Fig. 2, the swing motor 19, the boom hydraulic
cylinders 26, the stick hydraulic cylinder 27, and the work implement hydraulic
cylinder 28 may function together with other cooperating fluid components to
move the nozzle 17 in response to input received from the controller 31. In
particular, the control system 30 may include one or more fluid circuits (not
shown) operatively connected to the swing motor 19 and the hydraulic cylinders
26, 27, 28 and counfigured to produce and distribute streams of pressurized fluid.
A swing control valve 55, a boom control valve 56, a stick control valve 57, and a
work implement control valve 58 may be situated to receive the streams of
pressurized fluid and selectively meter the fluid to and from the swing motor 19,
the boom hydraulic cylinders 26, the stick hydraulic cylinder 27, and the work
implement hydraulic cylinder 28, respectively, to regulate the motions thereof.

Signals trom the controller 31 are operative to direct operation of
the swing control valve 55, the boom control valve 56, the stick control valve 57,
and the work implement control valve 58 based on the data maps stored within or
accessed by the controller 31. More specifically, the controller 31 may generate
command signals based on a desired path and/or speed of the nozzle 17 tn a
particular direction, and reference the data maps stored in the memory of the
controlier 31 to determine flow rate values and/or associated positions for each of
the supply and drain elements within the swing control valve 55, the boom
countrol valve 56, the stick control valve 57, and the work implement control
valve 58. The flow rates or positions may then be commanded of the appropriate
supply and drain elements to cause filling and/or draining of the chambers of the
actuators at rates that result in the desired movement of the nozzle 17.

Control system 30 may also include a module or planning system,
generally indicated at 32 in Fig. 1, for determining ot planning vartous aspects of
the mobile additive construction process. The planning system 32 may receive
various types of input such as the configuration or site map of the work site 100,

a model of the object or structure 110 to be formed, the number and types of
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machines 10 being used to form the object or structure and a kinematic model

and operating characteristics of each machine, together with the expected flow
rate, the thickness of each layer 111, and the material characteristics of the
material used to form the object or structure.

The planning system 32 may utilize all or some of the inputs to
determine a desired path for movement of the nozzie 17 relative to the work site
100 10 order to forra the desired object or structure 110, In addition, due to the
position and characteristics of the pump, the source or tank, and the material, it is
typically desirable for the nozzle 17 to follow a path that permits the material to
continuously flow through the nozzle. Attempting to turn on and off the flow of
material through the nozzle 17 will typically result in an inefficient and/or more
complex manufacturing process.

Based upon the desired path, the planning system 32 may
determine a desired pose of the implement systern 12 and a desired sequence and
manner or rate of operation of the implement system 12 so that the nozzle 17
folows the desired path. More specifically, the planning system 32 may
determine both a pose of the implement system 12 and the sequence and manner
or rate of operation of swing control valve 55, the boom control valve 56, the
stick control valve 57, and the work implement control valve 58 to control the
movement of the swing motor 19, the boom hydraulic cylinders 26, the stick
hydraulic cylinder 27, and the work implement hvdraulic cylinder 28 to control
the movement of the nozzle 17 so that it travels along the desired path and at the
desired rate. It the implement system 12 includes an additional nozzle positioning
mechanism 29, the planning system 32 may further determine the sequence and
manner of operation of the additional nozzle positioning mechanism while
directing the nozzle 17 to move along the desired path. The path of the nozzle 17
and the sequence and manner or rate of operation of the implement system 12
may be stored within or accessed by the controller 31 as desired.

During the planning process, the planning system 32 may also
recelve or access one or more desired optimization parameters that may be used

to prioritize or weigh different aspects of the manutacturing process. Such
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optimization parameters may include the manutacturing cost, the manufacturing

time, as well as maintaining a continuous flow of material through the nozzle.

For example, in one embodiment, the planning system 32 may be
configured to optimize the manufacturing process for the lowest cost. In doing so,
the planning system 32 may be provided with a cost of machine operation (ie.,
machine cost) such as a cost per hour for the time of operation and a material cost
based upon a volume of material used. The planning system 32 may then
generate an optimized plan (e.g., the desired path of the nozzle 17 as well as the
sequence and manner or rate of operation of the implement system 12) that will
result in the lowest cost {e.g., lowest cost pose and lowest cost path) to
manufacture the desired object or structure 110,

in another embodiment, the planning system 32 may be
contigured to optimize the manufacturing process for the shortest time. In doing
s0, the planning system 32 may optimize the manufacturing speed without regard
to the cost of the manufacturing process. As an example, the planning system 32
may be configured to generate a plan utilizing two or more mwachines 10 to
simultaneously perform the manufacturing operation when a single machine
could be operated in a more cost effective manner. Further, the planning system
32 may direct material to be processed or utilized tn a manner that is not as
efficient or cost effective as possible but will maximize the machine operation in
order to complete the manufacturing process as quickly as possible. Sill further,
the characteristics of the concrete material may be selected or designated to
minimize the set tirae or amount of sag of the material even at the risk of wasting
material or incurring additional costs for the material.

Tu stili another embodiment, the planning system 32 may be
configured to ensure that the path for the nozzle 17 permits the continuous flow
of material. By using a continuous flow of material, processes or structures for
interrupting the flow of material, such as turning the pump on and off or the use

of a complex valve assembly are not required.
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In other embodiments, a combination of the optimization

parameters may be used in order to provide a desired balance between cost and
speed as well as any other desired optimization parameters.

In operation, atter determining the desired path of the nozzie 17
and the resulting desired pose and desired sequence and rate of operation of the
implement system 12, the machine 10 may be moved or driven at the work site
100 to generally position the implement system 12 at the desired pose. Due to the
size of the machine 10, limitations on the ability to make small adjustments in
position as a result of the configuration of the undercarriage and traction devices
20, differences between the expected and actual topography of the work site 100,
and other factors, the actual or current pose of the implement system 12 may not
sufficiently match the desired or optimized pose so that the structure 110 s
manufactured or formed in the desired position.

As a result of the difference in pose of the implement system 12,
the control system 30 may further include a dynamic compensation system,
generally indicated at 33 in Fig. 1, for modifying the path of the nozzle 17
relative to the implement system 12 to compensate for the differences between
the desired pose and the actual or current pose. More specifically, the dynamic
compensation system 33 may determine a new or modified sequence and rate of
operation of the implement system 12 so that the nozzle 17 follows the same path
relative to the work site 100 as if the implement system were positioned at the
desired pose.

In other words, the dynamic corapensation system 33 may modify
the sequence and rate of operation of the implement system 12 so that the nozzle
17 continues to follow the desired path of the nozzle even though the machine 10
and implement system 12 are not in the position as desired or planned by the
planning system 32. In doing so, the dynamic compensation system 33 maintains
the desired path of the nozzle 17 relative to the work site 100 but determines a
new path for the nozzle 17 relative to the current pose of the implement system
12. The dynamic compensation system 33 thus generates a new or moditied

sequence and rate of operation of the implement system 12 so that the nozzle 17
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follows the desired path even though the implement system has a pose that s

different from that which was planned.

In some instances, the dynamic compensation system 33 may not
be able to adjust or modity the movement of the implement system 12 so that the
path of the nozzle 17 continues to follow the desired path as planned by the
planning system 32. In such case, the controller 31 may generate movenent
commands or instructions to move the machine 10 so that the implement systern
12 may be operated with the nozzle 17 following the desired path. In other
instances, the controller 31 may determine that it is desirable (e.g., less costly or
faster) to move the machine 10 to a new location so that the implement system 12
may be operated with the nozzle 17 tollowing the desired path. In either case, the
dynamic compensation system 33 may modify the sequence and rate of operation
of the implement system 12 so that the nozzle 17 continues to follow the desired
path for the nozzle.

In some embodiments, depending on the configuration of the
nozzle 17 and the material being deposited, the thickuess of each deposited layer
111 is generally controlled by the height of the nozzle 17 above the last deposited
layer of material. However, the characteristics of the material are such that the
width of each layer 111 is dependent upon the rate at which the material is being
pumped through the nozzle 17 and the rate at which the nozzle is moving along
its desired path. Thus, the width of a layer 111 of material may be controlied by
altering either or both of the rate at which the material is fed through the nozzle
and the rate at which the nozzle 17 1s moved along its path by the implement
system 12.

Due to the nature of pumping the concrete material from a source
or tank {not shown} and through a hose 115 (Fig. 3), in some applications,
adjusting the rate at which the material may be pumped may be a relatively
imprecise process. Accordingly, 1 some applications, it may be desirable to
control the width of the layer 111 of material by controlling the rate at which the

nozzle 17 1s moved along its desired path.
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To do so, the image data captured by the inspection system 45 can

be analyzed by the controller 31 to determine the width of the layer 111 of
material being deposited. The controller 31 may compare the width of the layer
111 being deposited as determined from the captured digital images to the
specification or model of the desired object or structure 110, If the width of the
deposited layer 111 varies from the specification or model (beyond a desired
threshold or tolerance), the controller 31 may modify the command instructions
to change the rate at which the nozzle 17 moves along the desired path and thus
change the width of the laver of material being deposited.

Through such a process, the information acquired by the
inspection system 45 may be used by the controller 31 to control the additive
manutacturing process and improve the quality of the object or structure 110 or

improve the efficiency of the manufacturing process.

Industrial Applicability

The industrial applicability of the systems described herein will be
readily appreciated from the forgoing discussion. The foregoing discussion is
applicable to machines 10, such as an excavator, that operates at a work site 100
to form a desired object or structure 110 using an additive manufacturing process.
The systems and processes disclosed herein may be used at a construction site, a
roadwork site, a mining site, a quarry, a landfill, or any type of site or setting in
which it is desired to form an object or structure. By utilizing a machine 10, such
as an excavator, for an additive manufacturing process, objects or structures may
be formed out of a durable material such as concrete at remote locations without
the need for materials necessary to create complex forms. For example, the
systems and processes disclosed herein may be used to form buildings in
relatively remote locations. In another example, the systems and processes
disclosed herein may be used to form plumbing junction boxes at a construction
or road work site. The large size of such junction boxes makes off-site
manufacturing and transportation relatively complex and expensive. In addition,
the junction boxes may have a relatively complex shape which is ideally suited

tor additive manufacturing.
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Fig. 5 depicts a flowchart of one example of a process for additive

manufacturing using a machine 10 such as an excavator. At stage 60, a model of
the object or structure 110 to be formed mayv be stored or set within the controller
31. An electronic map of the work site 100 together with the location at which the
structure 110 is to be formed may be stored or set within the controller 31 at stage
61. A kinematic model and operating characteristics of the machine 10 may be
stored or set at stage 62 within the controlier 31. The kinematic model and
operating characteristics of the machine 10 may include the dimensions of the
machine, the types of possible or acceptable motions of the undercarriage 14 and
the traction devices 20, the desired ranges of fluid tlow rates, and the desired
ranges of movement, velocities, and accelerations of the implement system 12
and its individual components.

A flow rate of the material to be deposited by the nozzle 17, the
thickness of each layer 111 of material to be deposited and other characteristics
of the material may be set or stored within the controller 31 at stage 63. Examples
of the other characteristics of the material may include the set rate or minimum
time required between layers and the “sag” rate or the number of layers that may
be deposited on top of another layer within a specified period of time. Additional
characteristics of the material may inchlude the time required to produce a batch of
material and the duration or time period in which a batch of material is usable for
the manufacturing process.

At stage 64, optimization parameters may be set or stored. In one
example, optimization parameters may include costs associated with each aspect
of the additive manufacturing process including machine charges for each aspect
of the manufacturing process as well as material costs based upon the amount and
type of material. In another example, optimization parameters may include the
time required for each aspect of the manufacturing process.

A plurality of potential poses of the implement system 12 may be
determined at stage 65 together with a plurality of potential paths of the nozzle 17
to manufacture at least a portion of the object or structure 110 being formed by

the process of depositing sequential layers of material. The controller 31 may
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utilize the model of the structure 110 as stored at stage 60, the location of the
structure at the work site 100 as stored at stage 61, the kinematic model and
operating characteristics of the machine 10 as stored af stage 62, and the flow rate
of the material, the thickness of each layer 111, and other characteristics of the
material as stored at stage 63. In addition, if desired, the optimization parameters
as stored at stage 64 may also be utilized.

At stage 60, the controller 31 may select an optinmuzed or desired
pose of the implement system 12 corresponding to the desired path of the nozzle
17 to form the structure 110. In doing so, the controller 31 may determine the
sequence and rate of operation of the implement system 12 based upon the
desired pose and the desired path. The machine 10 together with the implement
system 12 may be moved towards the desired pose at stage 67. Implement system
pose signals may be received from the implement system pose sensor 36 at stage
68. At stage 69, the controller 31 may determine the actual or current pose of the
implement system 12.

The controller 31 may compare the current pose to the desired
pose of the implement system 12 at stage 70 and determine at stage 71 a modified
sequence and rate of operation of the implement system so that the nozzle 17
follows the desired path relative to the work stte 100 even though the machine 10
and the implement system 12 are not in the position as expected or planned by the
planning system 32 of the controller 31. To do so, the controller 31 may generate
a modified sequence and rate of operation of the implement system 12 as
compared to the original sequence and rate of operation since the nozzle 17 is
following the same desired path but the implement system is at a different pose as
compared to the desired pose.

At stage 72, the controller 31 may generate command instructions
to operate the implement system 12 in order to move the nozzle 17 along the
desired path and deposit layers 111 of material based upon the modified sequence
and rate of operation. The controller may determine at decision stage 73 whether

the structure 110 has been fully formed. If the structure 110 has not been fully
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formed, the controller 31 may continue to generate command instructions to

move the nozzle 17 along the desired path at stage 72.

In some instances, it may be desirable to monitor the width of the
deposited layer 111 of material as it is being applied at the work site 100, To do
s0, the process set forth in the flowchart of Fig. 6 may be followed between
stages 72-73. At stage 75, the controller 31 may receive image data from the
inspection system 45, The controller 31 may compare at stage 76 the image data
to the model of the structure stored within the controller.

At decision stage 77, the controlier 31 may determine whether the
deposited layer 111 is wider than desired based upon the stored model. If the
deposited layer 111 is wider than desired, the controller 31 may modify the
sequencing and rate of operation of the implement system 12 so that the nozzle
17 moves along the desired path at & higher or faster rate at stage 78. As a result
of the increased rate, less material will be deposited per unit length which will
result in a narrower layer 111 of material being deposited.

It the deposited layer 111 1s not wider than desired at decision
stage 77 or the controlier has increased at stage 78 the rate at which the nozzle 17
is moving along the deposited layer, the controller 31 may determine at decision
stage 79 whether the deposited layer 111 is narrower than desired based upon the
stored model. If the deposited layer 111 is narrower than desired, the controller
31 may modify the sequencing and rate of operation of the implement system 12
at stage 80 so that the nozzle 17 moves along the desired path at a lower or
slower rate. As a result of the decreased rate, more material will be deposited per
unit length which will result in a wider layer 111 of material being deposited. If
the deposited layer 111 1s not narrower than desired at decision stage 79 or the
controller has decreased at stage 80 the rate at which the nozzle 17 is moving
along the deposited laver, the process of stages 75-79 is repeated until the
structure 110 is fully formed as described above.

Various alternative configurations and processes are contemplated.
For example, although the process of stages 60-73 and 75-80 15 described in the

context of utilizing a single machine 10, two or more machines may be used
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either in parallel or sequentially to form the structure 110. For example, two or

more machines 10 may be operating at the work site 100 with each machine
being responsible for manufacturing a different portion of the structure. In such
case, the process of stages 60-73 and 75-80 may be followed by each machine 10
individually for the section of the structure 110 they are manufacturing.

Further, the process of stages 60-73 and 75-80 is described with
the machine 10 fixed at one location at the work site 100. In some instances, it
may be desirable or necessary for the machine 10 to move from one location to
another while manufacturing the structure 110 In such case, stages 67-73 and 75-
80 may be utilized at each subsequent location to which the machine is moved.

It will be appreciated that the foregoing description provides
examples of the disclosed system and technique. However, it is contemplated that
other implementations of the disclosure may differ in detail from the foregoing
examples. Al references to the disclosure or examples thereof are intended to
reference the particular example being discussed at that point and are not
intended to imply any Hmitation as to the scope of the disclosure more generally.
All language of distinction and disparagement with respect to certain features is
intended to indicate a lack of preference for those features, but not to exclude
such from the scope of the disclosure entirely unless otherwise indicated.

Recitation of ranges of values herein are merely intended to serve
as a shorthand method of referring individually to each separate value falling
within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein. All
methods described herein can be performed in any suitable order unless otherwise
indicated herein or otherwise clearly contradicted by context.

Accordingly, this disclosure includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as
permitted by applicable law. Moreover, any combination of the above-described
elements in all possible variations thereof is encompassed by the disclosure

unless otherwise indicated herein or otherwise clearly contradicted by context.
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Claims
1. A system for additive manufacturing a structure at a work

site (100}, the system comprising:

a mobile implement system (12} having a linkage assembly (16}
including a nozzle (17}, the nozzle being configured to deposit sequential layers
of material to form the structure (110);

an implement system pose sensor {36) for generating implement
system pose signals indicative of a pose of the mobile timplement system; and

a controller (31) configured to:

access a site map of the work site (100);

access a model of the structure (110} to be manufactured;

access a kinematic model and operating characteristics of the
mobile implement system;

determine a plurality of potential poses of the mobile implement
system at the work site (100} based upon the site map and the model of the
structure {110},

for each potential pose, determine a plurality of potential paths of
the nozzle (17} to form at least a portion of the structure (110) by depositing a
plurality of sequential layers of material based upon the site map, the model of
the structure, the kinematic model and operating characteristics of the mobile
implement system;

select a desired pose of the mobile implement system from the
plurality of potential poses and a desired path of the nozzle (17) from the
plurality of potential paths;

determine a first sequence and rate of operation of the mobile
implement system based upon the desired path of the nozzle (17) and the
kinematic model and the operating characteristics of the mobile implement
system, the first sequence and rate of operation of the mobile iraplement system
causing the nozzle (17) to follow the desired path while the mobile implement

system is at the desired pose;
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generate a movement command to move the mobile implement

system towards the desired pose;

determine a current pose of the mobtle tmplement system at the
work site (100) based upon the implement system pose signals;

determine a difference between the current pose and the desired
pose;

generate a modified sequence and rate of operation of the mobile
implement system based upon at least the difference between the current pose
and the desired pose, the modified sequence and rate of operation of the mobile
implement system (12} causing the nozzle (17} to follow the desired path while
the mobile implement system is at the current pose; and

generate command instructions to move the nozzle {17} along the
desired path to deposit the sequential layers of material along the desired path to

torm the at least a portion of the structure (110},

2. The system of claim 1, wherein the controller (31} is
turther configured to generate movement commands to move the mobile
implement system {12} to a second desired pose after forming at least a portion of

the structure {110},

3. The system of any of claims 1-2, wherein the controller
(31) is further configured to access an optimization parameter and select the
desired pose of the mobile implement systern (12) from the plurality of potential
poses and the desired path of the nozzle (17} from the plurality of potential paths

based upon the optimization parameter.

4. The system of claim 3 wherein the optimization parameter
is a lowest cost and the controller (31) is further configured to determine a cost
associated with moving the nozzle (17) along each of the plurality of potential
paths at each potential pose, the desired pose and desired path corresponding to a

lowest cost pose and a lowest cost path.
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5. The system of any of claims 1-4, wherein the mobile

implement systerm (12) further includes a rotatable platform having the linkage
assembly mounted thereon, the linkage assembly including a boom member (22}
operatively connected to the rotatable platform, a connecting member (23)
operatively connected to the boom member, and the nozzle (17}, the implement
system pose sensor (30) includes sensors for determining relative positions of the
linkage assembly, and and the boom member is pivotably mounted to the
rotatable platform, and the nozzle (17) is pivotably mounted on the connecting
member.

6. The system of any of claims 1-5, further comprising an
inspection system disposed adjacent the nozzle (17) to determine a width of a

portion of each layer of material after it exits the nozzle.

7. The system of claim 6, wherein the inspection system
includes a light source configured to illuminate the portion of each layer of
material after it exits the nozzle (17) and a camera system to determine the width
of the lluminated portion of each layer of material after it exits the nozzle, and
the controlier (31} 1s further configured to compare the width to the model of the
structure {110} and change a speed of the nozzle along the desired path based
upon a difference in width of the model of the structure and the width of the

itluminated portion of each layer.

8. The system of any of claims 1-7, wherein the plurality of
potential poses of the mobile implement system (12} and the plurality of potential
paths of the nozzle (17) are determined at a location remote from the mobile

implement system.

g. A controller-implemented method of depositing sequential
layers of material to form a structure (110) at a work site (100} using a mobile
implement syster (12) having a linkage assembly including a nozzle (17), the

method comprising the steps performed by the system of any of claims 1-8.
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10. A machine (10) comprising the system according to any of

claims 1-8.
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