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SUMMARY

During the last decade, additive manufacturing (AM) has become increasingly popular

for rapid prototyping, but has remained relatively marginal beyond the scope of prototyp-

ing when it comes to applications with tight tolerance specifications, such as in aerospace.

Despite a strong desire to supplant many aerospace structures with printed builds, addi-

tive manufacturing has largely remained limited to prototyping, tooling, fixtures, and non-

critical components. There are numerous fundamental challenges inherent to additive pro-

cessing to be addressed before this promise is realized. One ubiquitous challenge across

all AM motifs is to develop processing-property relationships through precise, in situ mon-

itoring coupled with formal methods and feedback control.

Today, feedback control is, in general, a well-accepted discipline whose impact on the

proper operation of complex systems can be beneficial. In some instances, systems could

not operate without feedback control: Such is the case of nuclear plants and advanced

fighter aircraft [24]. To improve the quality of AM produced builds, it is now commonly

recognized that one of the next steps is to create closed-loop and adaptive control systems

with feedback control capabilities [12, 25, 38]. Specific cases of closed-loop and adaptive

controls for AM have been developed. For instance, adaptive and closed-loop control sys-

tems have been implemented in gas metal arc welding (GMAW) and powder bed fusion

processes to control the deposition height based on a vision sensor [76, 77] and to control

the deposition temperature of the Ti-6Al-4V alloy by altering the tool paths. While these

demonstrations are the first steps towards real-time feedback and control, they are unable

to account for varying materials properties or deviations from intended specifications. The

geometric and performance based object specifications that are to be defined by this work

form the foundational sets of targets and constraints that are used in classical control theory.

The objective of this thesis is to lay the foundations of a framework for closed-loop

control in additive manufacturing. An examination of the process leading to the construc-
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tion of an object in AM, from its computer aided design to its actual manufacturing and

post-processing, shows that such framework is only possible if it is associated with the files

describing such an object. Indeed, AM entails many different manufacturings technologies

that rely on significantly different physical processes. Therefore, inventing a framework to

formulate any manufacturing process as a control problem might seem an impossible task.

In face of that multitude of processes, a way to cut the Gordian knot could be to include

all the information necessary to formulate a control problem at the level of the 3D printing

files, and to let the different manufacturers use their own control laws to satisfy the require-

ments expressed in these files. Few 3D printing file formats exist compared to the number

of AM technologies. The main one is STL, and there is a global consensus that a successor

to STL has to be adopted. Whatever format this successor is, it will be most likely shared

by every manufacturer, regardless of the AM technology considered. And since 3D print-

ing files are agnostic of the AM process involved, they can be used as the conveyor of such

a general framework for closed-loop control in additive manufacturing.

A significant suggested component of this vision is a set of semantic layers within AM

files relevant to the desired material specifications. This semantic layer provides the link

between the high-level specifications of the part and the low-level properties driving the

feedback laws of the control system, which then evaluates the component during process-

ing and intelligently evolves the build parameters within boundaries defined by semantic

specifications. This evaluation and correction loop requires on-the-fly coupling of finite el-

ement analysis and topology optimization. The required parameters for this analysis are all

extracted from the semantic layer and can be modified in situ to satisfy the global specifica-

tions. Therefore, the representation of what is printed changes during the printing process

to compensate for eventual imprecision or drift arising during the manufacturing process.

The whole process of intelligent additive manufacturing is described in Fig. 1.

The goal of this thesis is to justify the relevance of closed-loop control in AM, and to

pave the way for the creation of a general framework to formulate AM processes as control

xiv



Figure 1: Integrated 3D printing process

problems where feedback can be widely adopted. Section 1 of this thesis presents an ex-

periment performed at the end of 2017 that shows the relevance of feedback control in AM.

Section 2 describes a second experiment, more elaborated, that was performed in 2018 and

that differs from the first one by considering measurements that were truly performed in situ

while pausing the printing process. Finally, section 3 presents the generalization of closed-

loop control in AM by presenting the concept of semantics for AM files by introducing the

idea of adapting the build local parameters through topology optimization.
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CHAPTER 1

A PROOF OF CONCEPT: 3D PRINTING OF A LEAF SPRING

1.1 Introduction

This chapter presents the integration of a feedback control loop during the printing of a plas-

tic object using Fused Deposition Modeling (FDM), as specific process of additive manu-

facturing. The printed object is a leaf spring made of several parts of different infill density

values, which are the control variables in this problem. In order to achieve a desired ob-

jective stiffness, intermediate stiffness measurements are taken after each part is completed

and the infill density is adjusted accordingly in a closed-loop framework. Objects printed

with AM often use porous structures with different possible patterns because of the good

mechanical properties and the gain of weight obtained by those structures [16,55,75]. The

density of such a pattern is the control variable modified throughout this experiment. The

dynamics of the system are not based on a physical model relating the input (the infill den-

sity) with the output (the stiffness of the printed object), but are based on a purely statistical

model. Preliminary measurements were performed on test specimens to show that such a

model can be used, and to determine the parameters of this model. The absolute error in

the stiffness at the end of printing is reduced from 11.63% to 1.34% by using a closed-loop

instead of an open-loop control. This experiments serves as a proof of concept to show the

relevance of using feedback control in additive manufacturing. By considering the printing

process and the measurements as stochastic processes, we show how stochastic optimal

control and Kalman filtering can be used to improve the quality of objects manufactured

with rudimentary printers. First the setting of the experiment performed is described in de-

tails in section 1.2. Then, from a basic probabilistic model relating the input and output of

our system, an optimal control law is derived in section 1.3. From this model, simulations

1



are performed to assess its performance in section 1.4. Finally, in section 1.5, the results of

the experiment are given along with some concluding remarks in section 1.6.

1.2 Additive manufacturing of a leaf spring

1.2.1 Process description

This experiment consists in the additive manufacturing of a leaf spring. Leaf springs are

springs made of several stacked leaves that are commonly used for the suspensions of

wheeled vehicles [35] (Figure 1.1). Because a leaf spring is made of several parts built

independently and then assembled, its manufacturing is a sequential problem that fits per-

fectly the framework of a discrete dynamic programming problem. Each step corresponds

to the printing of a new leaf and the applied control is chosen to reach a final objective.

In this case, a stack of n leaves is designed to have a fixed final geometry and a specific

stiffness along the vertical axis (Figure 1.2). The stiffness of a leaf is defined a the linear

coefficient relating deflection to load applied during a 3-point bending test, assuming a lin-

ear relationship. Each leaf is made of the same number of layers and of the same material.

Leaves are assumed to be Euler-Bernoulli beams [30] and a 3-point bending test is used to

measure their stiffness. In order to achieve the desired stiffness objective, the infill density

of each new leaf is adapted in a closed-loop setting. To do so, measurements are performed

after the printing of each leaf to evaluate the stiffness of the partially built object and to

meet a target overall stiffness. Because the different leaves of the leaf spring are not stuck

together, the stiffness of a stack of leaves is approximated as additive in the Euler-Bernoulli

theory. Leaves are printed independently before stacking them to ensure that this condition

is respected. The additivity property of the stiffness allows the use of a linear Kalman filter

to estimate the stiffness at each step more precisely. The derivation of the filtering that is

used is detailed in section 1.3 while the parameters of the filters are estimated with some

preliminary measurements. The results of those measurements are given in section 1.5.

2



Figure 1.1: Picture of a leaf spring of a Willys M38 [31]

applied
load

support
points

Figure 1.2: Stack of 3 leaves with a load applied on top and 4 supports on the bottom corners for measuring stiffness
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Figure 1.3: Printrbot Simple 3D printer - 1405 Model

1.2.2 Experimental setting

Printing procedure

For this experiment, a low-cost printer was chosen since the objective of this work is prov-

ing that feedback control based on in situ measurements can be used to print more reliably

with material subject to a high process noise. The Printrbot Simple 3D printer - 1405

Model [56] (Figure 1.3) is chosen because more random variation is expected during the

printing process from such a printer than with a high-performance one [59]. The filament

type used in this experiment is Polylactic Acid (PLA), which is provided with the printer

package. The identical Computer-Aided-Design (CAD) model of every specimen is devel-

oped using Solidworks [18]. The G-Code [26] files are generated using the default setting

of Cura [73], except for the percentage of infill density. Finally, Pronterface [79] is used as

a graphic user interface (GUI) for monitoring and communicating between the 3D printer

and a computer. Some example specimens with different percentages of infill density are

showed in Figure 1.4.
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(a) 10% infill density (b) 20% infill density (c) 30% infill density

Figure 1.4: Example specimens with different percentages of infill density

Figure 1.5: The setup of the 3-point bending test

Stiffness measurement procedure

In this experiment, the preparation of the PLA specimens and of the three-point bending test

(Figure 1.5) is performed based on ASTM D790 [3], which is the standard testing method

for flexural properties of plastic materials. Since each specimen is required to be stacked

over the next one, we constrained our experiment within the elastic region of the material.

Then a load acting on the specimen and its vertical deflection were measured at each time

step. After that, the stiffness is determined from the slope of the linear regression between

the deflection and load data sets (Figure 1.6). Note that in this figure, some geometric

nonlinearities can be observed, suggesting that the tests performed were not restricted to

the domain of elasticity of the specimens. A better model would require more careful

measurements. However, the objective of this not work is not exactly to derive a precise

model but rather to show that closed-loop control can be useful without a perfect model.

5



Deflection (mm)
0 0.5 1 1.5 2 2.5

-2
0
2
4
6
8

10
12
14
16

L
oa

d
(k

g)

???????????
??????????????????

?????????
?????????
????????
????????
???????????????
??????????????
????????
????????????????????
??????????
???
???????????
?????????????????
?????????????
??????????
???????????
?????????????????????
??
????????????????????
???????

�

�

??????????????????????
?????????????
?????????????
??????????????????????
??????????????????????????

????????????
??????????????????????
?????????????
?????????????
??????????????
????????????
????????????
????????????????
??????????????????
??????????????????
????????????????
???????

�

�

???????????????
???????????????????????
????????????????
??????????????????????????????
???????????????

?????????????????????????
??????????????
????????????
??????????????
?????????????????
??????????????
??????????????
??????????????????????????
?????????????????
??????????????
?????????????????????????
???
????????????????
?????????????????

�

�

??????????????????
??????????
?????????????
??????????????????????
?????????????
?????????????

?????????????????????????
???????????????
?????????????
???????????????????????
?????????????
????????????????
????????????????
????????????????
???????????????
???????????????
??????????????????????????
?????????????????????????????????????????

�

�

???????????????
??????????????????????????????????????????
???????????????
???????????????????????????
?????????????????
??????????????
?????????????????????????
?????????????????????????
???????????????
??????????????????
????????????????????????????
?????????????????
????????????????
??????????????????
????????????????
?????????????????
?????????????????
????????????????????????????
????

�

�

Figure 1.6: Plot between an applied load and a vertical deflection of a single specimen with 10% infill density from 5 measurements.
Each color represents a measurement made of several data points represented by ?. Lines represent the linear regressions of these data
points.

1.3 Feedback control law

In this section, an optimal control law that aims at reaching a target stiffness while minimiz-

ing a specified cost function is derived. At each step i, a new measurement of the stiffness is

performed and taken into account to refine the estimate of the predicted stiffness at the final

step n. This is done by using filtering to estimate the actual stiffness of a stack of leaves.

Two types of noises are considered: a process noise that comes from the inaccuracy of the

printer and from the changing environment, and a measurement noise. Both are assumed to

follow independent normal laws. In the following subsections the process to estimate the

stiffness of a stack at each step is described. Then this stiffness estimate is used to obtain

an optimal control law. The chosen parameterization of the process noise is also detailed

while the algorithm obtained from the optimal control law is described.

1.3.1 Estimating the stiffness of a stack of leaves

In this subsection the stiffness of a stack of printed leaves is estimated given the controls

that have been previously applied and given the measurements after each new printed leaf.
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This is equivalent to applying a linear Kalman filter. For a sequence of controls (di)i≤n, let

Ki be the stiffness of the first i printed leaves stacked together. This is a random variable

defined recursively by

K0 = 0

and

Ki+1 = Ki + µp(di+1) + εi+1 (1.1)

where

εi ∼ N (0, σp)

and

µp(di)

are respectively independent identically distributed random variables and the mean stiffness

of a single leaf of density di.

The stiffness observations of a stack of the first i leaves are also defined by

K̄i = Ki + ε̄i (1.2)

where

ε̄i ∼ N (0, σo)

are independent identically distributed random variables independent of each process noise

(εj)j≤n, previous stiffnesses observations (K̄j)j<i, and past controls (dj)j≤i.

To derive the probability law of the stiffness Ki given the previous observations and

7



past controls, the Bayes rule is applied to the joint probability of Ki and K̄i.

p(Ki|(K̄j)j≤i, (dj)j≤i)p(K̄i|(K̄j)j<i, (dj)j≤i)

= p(Ki, K̄i|(K̄j)j<i, (dj)j≤i)

= p(K̄i|Ki, (K̄j)j<i, (dj)j≤i)p(Ki|(K̄j)j<i, (dj)j≤i)

Since the stiffness observations are independent, it yields

p(Ki|(K̄j)j≤i, (dj)j≤i)p(K̄i|(K̄j)j<i, (dj)j≤i)

= p(K̄i|Ki)p(Ki|(K̄j)j<i, (dj)j≤i) (1.3)

With the observation relation (1.2), the probability distribution of the observation is

given by

p(K̄i|Ki) =
1√

2πσ2
o

exp

(
−1

2

(K̄i −Ki)
2

σ2
o

)
Then, using the process relation (1.1),

p(Ki|(K̄j)j<i, (dj)j≤i)

=

∫
Ki−1

p(Ki|Ki−1, di)p(Ki−1|(K̄j)j<i, (dj)j≤i)dKi−1

=

∫
Ki−1

1√
2πσ2

p

exp

(
−1

2

(Ki −Ki−1 − µp(di))2

σ2
p

)
× p(Ki−1|(K̄j)j<i, (dj)j<i)dKi−1 (1.4)
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Reusing equation (1.2) leads to

p(K̄i|(K̄j)j<i, (dj)j≤i)

=

∫
Ki

p(K̄i|Ki)p(Ki|(K̄j)j<i, (dj)j≤i)dKi

=

∫
Ki

1√
2πσ2

o

exp

(
−1

2

(K̄i −Ki)
2

σ2
o

)
× p(Ki|(K̄j)j<i, (dj)j≤i)dKi (1.5)

Therefore ,these three equations give a recursive relation for the derivation of p(Ki|(K̄j)j≤i, (dj)j≤i).

Assuming that p(Ki−1|(K̄j)j<i, (dj)j<i) is the probability of a normal law of mean µi−1

and variance σi−1, replacing in equation (1.4) gives

p(Ki|(K̄j)j<i, (dj)j≤i)

=
1√

2π(σ2
p + σ2

i−1)
exp

(
−1

2

(Ki − µi−1 − µp(di))2

σ2
p + σ2

i−1

)

Then, replacing in equation (1.5),

p(K̄i|(K̄j)j<i, (dj)j≤i)

=
1√

2π(σ2
o + σ2

p + σ2
i−1)

exp

(
−1

2

(K̄i − µi−1 − µp(di))2

σ2
o + σ2

p + σ2
i−1

)

These two results are plugged into the observation law in equation (1.3), which gives

p(Ki|(K̄j)j≤i, (dj)j≤i)

=
1√

2πσ2
i

exp

(
−1

2

(Ki − µi)2

σ2
i

)

9



With

µi =
K̄i(σ

2
p + σ2

i−1) + (µi−1 + µp(di))σ
2
o

σ2
o + σ2

p + σ2
i−1

(1.6)

and

σ2
i =

σ2
o(σ

2
p + σ2

i−1)

σ2
o + σ2

p + σ2
i−1

(1.7)

By initializing with µ0 = 0 and σ0 = 0, it is easy to verify that the conditional probabil-

ity of K1 given K̄1 and d1 indeed follows a normal law with parameters given by equations

(1.6) and (1.7) with i = 1. An induction argument proves that those relations are true for

every i ≥ 1.

Remark 1 Equation (1.7) defines a Riccati difference equation. It can be solved to provide

an expression of σ2
i independent of σ2

i−1.

Remark 2 The process noise variance σ2
p is assumed to be a constant variable but the

results would be unchanged if it depended on the control di.

Remark 3 The observation noise variance σ2
o can be reduced by taking several measure-

ments of the same stack. In that case in equation (1.7) the observation noise variance will

simply be divided by the number of observations.

1.3.2 Estimating the final stiffness

Let µi be the stiffness of the first i stacked leaves taken altogether. Given the next controls

(dj)i<j≤n too, the final stiffness Kn of the stacked n leaves can be estimated by:

E(Kn|(K̄j)1≤j≤i, (dj)1≤j≤n) = µi +
n∑

j=i+1

µp(dj)
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1.3.3 Optimal control of the printing process

In this section, are derived the controls (dj)j≤n to minimize the expectation of a cost func-

tion J(d1, . . . , dn, K1, . . . , Kn) while reaching the objective stiffness K.

At step i, let (d∗j)j≤i be the chosen values at the previous steps. Let Hi be the set of

real-valued (dj)i<j≤n verifying the equation

n∑
j=i+1

µp(dj) = K − µi

With this definition, the next controls are n− i values (dij)i<j≤n such that

E
(
J(d∗1, . . . , d

∗
i , d

i
i+1, . . . , d

i
n, K1, . . . , Kn)

|(K̄j)1≤j≤i, (d
∗
j)1≤j≤i, (d

i
j)i<j≤n

)
= min

(dj)∈Hi

E
(
J(d∗1, . . . , d

∗
i , di+1, . . . , dn, K1, . . . , Kn)

|(K̄j)1≤j≤i, (d
∗
j)1≤j≤i, (dj)i<j≤n

)
And then the control dii+1 is applied, such that d∗i+1 := dii+1.

In the following subsection two examples of cost functions are given.

Minimizing the quantity of used material

A possible cost function characterizes the quantity of used printing material:

J =
n∑
j=1

dj

However because the relationship between density and stiffness is linear, the cost function

has same value everywhere onHi, leading to infinitely many possibilities. Instead, the sum
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of the squares of the densities can be used:

J =
n∑
j=1

d2
j

In that case, because of the symmetric roles of the different remaining leaves in the cost

function and in the constraints, all (dij)i<j≤n are equal and

µp(d
i
j) =

1

n− i
(K − µi),∀j, i < j ≤ n (1.8)

This is the cost function that is used in the rest of the experiment.

1.3.4 Process noise parameterization

In the experiments performed in the next section, the mean stiffness is assumed to be affine

in d and the process variance is assumed to be constant.

µp(d) = αd+ β

and

σp(d) = σp > 0

These assumptions are based on previous performed measurements on different leaf

specimens. Results of these measurements are detailed in section 1.5.

With these assumptions, at each step the optimal control is given by

d∗i+1 =
K − µi
α(n− i)

− β

α
,∀k, i < k ≤ n (1.9)
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Figure 1.7: The process block-diagram

1.3.5 Filtering algorithm

The derivation of an optimal input density at each step based on an estimate of the stiffness

using filtering is the basis of algorithm 1.

Algorithm 1 Optimal printing algorithm with filtering

Require: n,K, α, β, σp, σo

Initialization:

1: µ = 0

2: σ2 = 0

Printing:

3: for i = 0 to n− 1 do

4: d := K−µ
α(n−i) −

β
α

5: Print a leaf with input density d

6: Measure stiffness of the printed leaves K̄

7: Update µ :=
K̄(σ2

p+σ2)+(µ+µp(di))σ
2
o

σ2
o+σ2

p+σ2

8: Update σ2 :=
σ2
o(σ2

p+σ2)

σ2
o+σ2

p+σ2

9: end for

Besides specifying the number of stacks n and the desired stiffness K, algorithm 1 re-

quires the knowledge of the density-stiffness affine model parameters α and β, the process

13



noise standard deviation σp, and the observation noise standard deviation σo, which all can

be obtained from the prior measurement data.

After initialization, there are two essential steps during the printing. The first one is

picking an optimal infill density d∗i for the leaf to print in line 4 based on the estimate of

the stiffness and on the density-stiffness model. This step is the control determination step.

The second step which is the measurement update of line 7 and 8, updates the interme-

diate parameters µ and σ with the measured stiffness K̄.

The process of this algorithm is summarized by the block-diagram in Figure 1.7.

1.4 Simulation

In this section, simulations were performed using the statistical model that is described

in the previous. These simulations compared the behavior of the closed-loop control al-

gorithm with the open-loop algorithm. Simulation with an erroneous model were also

performed. That is, the parameters of the model used to simulate the process were altered

from the ones used to determine the controls.

In all the simulations, the parameters used for the update of the Kalman filter and for

the control determination are the following:

α = 0.5 kg/mm2

β = 5 kg/mm

σp = 1 kg/mm

σo = 0.5 kg/mm

When those parameters are changed in the simulations described below, it means that the

the simulation (or sampling of the real stiffness and observation) use different parameters,

whereas the update rule and control rely on the unchanged parameters. The chosen target

was K = 100 kg/mm and the number of leaves n = 10. In each figure representing the
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(a) Open-loop control (b) Closed-loop control

Figure 1.8: Distribution of the final stiffness (in kg/mm) after 1000 process simulations of an open-loop and closed-loop control

repartition of the simulation results, a normal distribution was fitted to the sample distribu-

tion and plotted.

1.4.1 Comparison between simulated closed-loop and open-loop control

1000 simulations were performed for both the closed-loop and open-loop control. Because

the environment used to simulate the process and observations used the same parameters α,

β, σo and σ, the mean of the reached stiffness is very close to the target in both cases, but a

difference in the standard deviation is noticeable. Standard deviation is higher for the open-

loop control, as expected. In the closed-loop control case, the mean of the final stiffness

over all the simulations was 100.042 kg/mm with a standard deviation of 1.308 kg/mm.

In the open-loop control case, the mean of the final stiffness over all the simulations was

100.065 kg/mm with a standard deviation of 3.29 kg/mm. The distribution of the final

stiffnesses is reported in Figure 1.8.

1.4.2 Comparison between perfect and imperfect model for simulated closed-loop control

In this section, the process and observations were simulated by changing some of the pa-

rameters, while the controls and Kalman filter updates used the same parameters are men-

tioned previously. As shown in Figure 1.9, augmenting the real process noise had more

influence than increasing the real observation noise. With the closed-loop control, the final

stiffness standard deviation jumped to 2.06 kg/mm when increasing the process noise and
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(a) Increased observation noise (σo = 3 kg/mm) (b) Increased process noise (σp = 3 kg/mm)

Figure 1.9: Distribution of the final stiffness (in kg/mm) after 1000 process simulations of a closed-loop control with increased noise

(a) Systematic observation bias (+0.5 kg/mm) (b) Systematic process bias (+0.5 kg/mm)

Figure 1.10: Distribution of the final stiffness (in kg/mm) after 1000 process simulations of a closed-loop control with bias in observa-
tions and process

to 1.545 kg/mm when increasing the observation noise.

A simulation was also performed with a systematic process bias of 0.5 kg/mm. The

variance of the final stiffness was not affected (1.272 kg/mm) but the mean was shifted

to 100.978 kg/mm, which is still close to the target considering such an important drift.

Adding an observation bias of 0.5 kg/mm also didn’t affect the variance (1.259 kg/mm)

but modified the final mean (99.522 kg/mm). Again, modifying the process noise affected

more the final results than modifying the observation noise. Distributions are shown in

Figure 1.10.

Simulations were also made by changing α to 0.4 and 0.6 kg/mm2 with an open-loop

and a closed-loop control. With a closed-loop control, lowering α changed the final mean

to 97.203 kg/mm while not significantly affecting the final variance (1.354 kg/mm), and in-

creasing α changed the final mean to 101.130 kg/mm and the final variance to 1.267 kg/mm.

With an open-loop control, lowering α changed the final mean to 90.106 kg/mm while also
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(a) Lower α coefficient (0.4 kg/mm2) (closed-loop control) (b) Higher α coefficient (0.6 kg/mm2) (closed-loop control)

(c) Lower α coefficient (0.4 kg/mm2) (open-loop control) (d) Higher α coefficient (0.6 kg/mm2) (open-loop control)

Figure 1.11: Distribution of the final stiffness (in kg/mm) after 1000 process simulations of a closed-loop and open-loop controls with
altered model parameter α

not significantly affecting the final variance (3.065 kg/mm), and increasing α changed the

final mean to 110.093 kg/mm and the final variance to 3.204 kg/mm. These results clearly

show the advantage of closed-loop control and its robustness to model imprecision. Results

are reported in Figure 1.11.

Finally, a last experiment was performed by changing the distribution of the actual

process to a Gamma distribution whose mean is equal to the expected stiffness (µp(d) and

whose standard deviation is equal to σp (1 kg/mm). An advantage of such a distribution is

that it is positive, which is more realistic in our setting. The final stiffness mean (100.021)

was close to the target and the standard deviation still low (1.278 kg/mm). Therefore the

normal distribution hypothesis is good enough to guarantee good results even if the real

distribution of the process is not exactly normal. Figure 1.12 shows the distribution of the

final stiffnesses in this case.

The different comparisons carried out in this subsection show that even an imprecise

model can still lead to a good precision on the final stiffness by using a closed-loop feed-
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Figure 1.12: Distribution of the final stiffness (in kg/mm) after 1000 process simulations of a closed-loop control with process following
a Gamma distribution

back.

1.5 Experiments

In this section, two different sets of experiments are described. The first set of experiments

aimed at validating the hypothesis that the process law mean is affine and that the vari-

ance of both process and observation noise can be assumed constant. The second set of

experiments consists in printing a stack of leaves using the filtering algorithm for which

the obtained results are presented. These results are compared to the ones obtained with

two different baselines. The first baseline consists in printing the stack of leaves without

any feedback control (open-loop). In that case all leaves have the density that is deter-

mined before printing and no measurement is performed during the printing process. For

the second baseline, no filtering is used (closed-loop without filtering). The stiffness used

to determine the next density input at each step is the value of the measurement at that step.

This is equivalent to considering that there is no observation noise.
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1.5.1 Determination of the process and observation noises

To evaluate the parameters of the process noise and of the observation noise. A set of 15

single leaves with 5 different input densities was printed. A three-point bending test was

performed on each of them and a dataset of loads vs. deflection was acquired. Using a

linear regression, the stiffness measured stiffness was obtained. 5 set measurements per

leaf were performed Results are presented in Tables A.1, A.2, A.3 of the appendix, and

final stiffnesses are showed in Figure 1.13. A first-order regression was then performed

between the measured stiffnesses and the infill densities to obtain the values of α and β.

The process noise was determined by taking the standard deviation of the means of the

measurements per specimen, whereas the observation noise was determined by taking the

mean of the standard deviations of the measurements per specimen. With these results the

following parameterizations for the process and observation noises are found:

µp(d) = 0.3073d+ 4.5593 kg/mm (1.10)

σp = 1.0579 kg/mm

σo = 0.6907 kg/mm

1.5.2 Printing the leaf spring

Leaf springs were printed for different values of n and K under the three previously de-

scribed methods. The two combinations tried for the pair (n,K) are (3, 30) and (3, 40).

When performing stiffness measurements, the mean of 5 subsequent measurements was

taken. The results of the stiffness measurements are reported in Table 1.1, Figure 1.14, and

1.15. As shown in these figures, the filtering leads to a final stiffness closer to the objective

than the baseline methods do.

Consider the case n = 3, K = 30 (Figure 1.14), at the first step every process starts with

the specimen of the same density, which is the best value according to the prior knowledge.
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Figure 1.13: Stiffness measurements for 15 specimens of different infill densities. ◦ represents each measurement. ∆ represents the
average stiffness of each specimen from 5 measurements. ⊕ represents the average stiffness of specimens with the same infill density.
R, G, and B represent the 1st, 2nd, and 3rd specimen of the same infill density, respectively. The line represents the linear regression
of ⊕ data given by equation (1.10).

Once the measurement has been performed for the closed-loop processes, both of them have

the nearly-identical value of stiffness due to the small observation noise. Nevertheless, this

value is not exactly the desired one. At the next step, the feedback control corrects that

error from the previous step. However, the controller performs better when the stiffness is

estimated using the forgoing filter. In the non-filtering case, the stiffness measurement is

considered perfect and the information of the control that led to that stiffness is discarded.

At the final step, the closed-loop control with filtering reached a better stiffness than both

baselines.

Similarly for the case n = 3, K = 40 (Figure 1.15), the closed-loop control with filter-

ing provides a better result, even though in the first two steps, the non-filtering controller

has its measured values closer to the nominal one.

Whether the poor performance of the open-loop control compared with the closed-loop

control is due to a high variance or the process or to a bias in the model is unknown. More

experiments would be required to evaluate the actual variance and bias of the open-loop

control process. Both probably play a role and lead to complementary conclusions. In the
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Table 1.1
Measured stiffness (kg/mm) at steps 1, 2, 3 using the filtering algorithm and the two baselines with the absolute error in the stiffness at

each final step

(n,K)
Closed-loop Closed-loop

Open-loop
with filtering without filtering

(3, 30) 11.53 19.89 30.43 11.55 18.65 29.24 − − 33.49

Error 1.43 % 2.53 % 11.63 %

(3, 40) 12.53 27.86 40.89 12.67 26.31 42.29 − − 37.09

Error 2.23 % 5.73 % 7.28 %
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Figure 1.14: Stiffness measurements at steps 1, 2, 3 for n = 3,K = 30. ◦ represents a measurement. Red is used for closed-loop with
filtering. Blue is used for closed-loop without filtering. Dashed black is used for open-loop. Green marked coordinates represent the
desired values of stiffness.

case of a high variance, then even an unbiased model could not improve the precision of

an open-loop control, thus the relevance of a closed-loop control. However, even if the

error of open-loop control is due to a systematic bias in the model used to determine the

control, then a better model could potentially yield to results as good or better than the

ones obtained here with a closed-loop control. But this actually illustrates the advantage

of using a feedback control law: its robustness to model imprecision. Indeed, even with

a basic and imprecise model, feedback control can lead to impressively good results as

shown in Chapter 2.
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Figure 1.15: Stiffness measurements at steps 1, 2, 3 for n = 3,K = 40. Legend is same as in Figure 1.14

1.6 Conclusion

In this chapter, the idea and implementation of a feedback control system for a specific

additive manufacturing process are presented. The feedback control is based on measure-

ments taken during the process and aims at reaching a specific desired stiffness for an object

comparable to a leaf spring. A better precision was achieved using a closed-loop control

with filtering than by using two baselines: a closed-loop control without filtering and an

open-loop control. This experiment, while very specific and hardly generalizable as it is,

shows the relevance of feedback control in AM. One may argue that what makes this ex-

periment successful is not directly related to the fact that AM is used for manufacturing

the final part. But even if a similar experiment could certainly be imagined without using

a 3D printer but with another process instead, the material requirements would have been

limiting and the whole process more complicated and time-consuming.
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CHAPTER 2

A SECOND EXPERIMENT: 3D PRINTING OF A CANTILEVER BEAM

2.1 Introduction

While the experiment of section 1 shows the relevance of feedback control in additive

manufacturing, the final object was made of several components printed independently.

Moreover, measurements were taken after the completion of each component once it was

taken out of the printer, and therefore not directly during the process in the context of an

integrated control-observation system. The experiment presented in this section is more

sophisticated since a single object is printed with feedback control. Moreover, the man-

ufacturing process is paused after the completion of a given number of layers to take a

measurement without moving the partially printed object from the printer. In this experi-

ment, a vertical plastic cantilever beam is printed. The height and thickness of the cantilever

have fixed values while the width of the cantilever is variable. The width of the cantilever

is progressively modified to control its final stiffness under a single end load horizontal and

perpendicular to the axis along which the width is modified.

The control law is based on a model of the cantilever as an Euler-Bernoulli beam whose

parameters are determined empirically via some prior measurements.

2.2 Physics

In this section the physical model used in this experiment is detailed. Let x be the horizontal

axis along which the stiffness is measured, y the axis along which the width of the beam

is adjusted, and z the vertical axis. A load P is applied on top of the cantilever along the

x axis. Deflection along axis z is written v(z). The cantilever is made of n stacks of same

width layers and each stack has same height h, thickness d and stiffness E. The variable

23



Figure 2.1: Example of a 3D printed cantilever beam

width of a stack of layers is written w(k) for 0 < k ≤ n.

Integrating the Euler-Bernoulli equation yields

dv

dz
(kh)− dv

dz
(0) =

k∑
j=1

12P

d3Ew(j)

[
h(2nh− (2j − 1)h)

2

]

dv

dz
(kh+ εh) =

6Ph2

d3

k∑
j=1

2n− 2j + 1

E(j)w(j)
+

6Ph2

d3

2(n− k − 1)ε+ ε2

Ew(k + 1)

Integrating a second time gives

v(kh+ εh)− v(kh) =

[
6Ph3

d3

k∑
j=1

2n− 2j + 1

Ew(j)

]
ε+

6Ph3

d3

(n− k − 1)ε2 + ε3/3

Ew(k + 1)

24



v((k + 1)h)− v(kh) =
6Ph3

d3

k∑
j=1

2n− 2j + 1

Ew(j)
+

6Ph3

d3

(n− k − 1) + 1/3

Ew(k + 1)

Therefore the inverse stiffness, or compliance, is equal to

v(nh)

P
=

2h3

Ed3

n−1∑
k=0

(
3

k∑
j=1

2n− 2j + 1

w(j)
+

3(n− k − 1) + 1

w(k + 1)

)

=
n∑
k=1

cn,k
w(k)

with

cn,k =
2h3

Ed3
(6(n− k)(n− k + 1) + 1)

2.3 State estimation

2.3.1 Problem dynamics

We consider a process in N time steps, corresponding to the printing of N stacks of layers.

The state of the system at a given step is the reciprocals of the widths of the printed stacks,

and all non-printed stacks are attributed a value of 0. Unlike the previous experiment,

stiffnesses do not add up at each new step so the state can not be reduced to the stiffness of

the partially printed part. The whole information of the different widths has to be retained

to be predict the final stiffness, therefore the multidimensional state. The control at a given

step is the reciprocal of input width for the next layer added to a drift term. Then the state

space is RN and the control space is R. The process starts at state

s0 = (0, . . . , 0)T
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and the discrete dynamics of the problem are

sk = sk−1 + ekuk + ekukεk

With

uk =
1

vk + γ

Here, ek is the k-th vector of the canonical basis of RN , vk is the input width, γ is an

unknown term being interpolated later, and εk is the gaussian process noise of mean 0

and standard deviation σp. The presence of a drift term γ and of a multiplicative noise in

the dynamics come from practical considerations regarding the printing process, such as

the spreading of the deposited material while still hot after extrusion. Both choices are

confirmed by measurements.

2.3.2 Observation of the process

At each time step k the following quantity is observed

ok = CT
k sk + CT

k skνk

Here, νk is the Gaussian process noise of mean 0 and standard deviation σo, and Ct is the

following vector of size N

Ck = (ck,1, . . . , ck,k, 0, . . . , 0)T

2.3.3 Kalman filter

In order to maintain an estimate of the state of the system throughout time, a Kalman filter

whose update rule is given below is used. µk is the state estimate at step k. Only the first k

coordinates are considered (the subsequent 0 are ignored).

26



µ̄k = (µk−1, uk)
T

Σ̄k =

Σk−1 0

0 u2
kσ

2
p


Σk =

(
Σ̄−1
k +

CkC
T
k

(okσo)2

)−1

µk = Σk

(
Σ̄−1
k µ̄k +

ok
(okσo)2

Ck

)

2.4 Control law

In this section, several costs are defined and the corresponding controls are given.

2.4.1 Minimizing the quantity of used material

Let (u1, . . . , uN) be the chosen controls for the whole process, equivalent to the following

control widths: V = (v1, . . . , vN) that yield the actual widths W = (w1, . . . , wN). Min-

imizing the expected quantity of used material is equivalent to minimizing the following

sum:
N∑
k=1

vk

With the objective constraint:
N∑
k=1

cN,k
vk + γ

= C (2.1)

The Lagrangian associated to this problem is:

L =
N∑
k=1

vk + λ

[
N∑
k=1

cN,k
vk + γ

− C

]
+

N∑
k=1

µk(vk − vf )
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And its partial derivative with respect to vk is

∂vkL = 1 + µk − λ
cN,k

(vk + γ)2

Setting all these partial derivatives equal to 0 yields

vk =
√
λcN,k − γ

λ is found by replacing vk in the equality constraint 2.1. Therefore

vk =
1

C

[
N∑
n=1

√
cN,n

]
√
cN,k − γ

Which will be the optimal control at step 1. This is easily adapted to a further time step n by

replacing the first n− 1 vk by the variables estimated with the Kalman filter and grouping

them with the objective C.

2.4.2 Minimizing the probability of failure

A problem that can arise during the 3D printing of several layers is that the printed layer

collapses when trying to print a overhang. There is usually a limit overhang angle beyond

which printing will not be possible. We can formulate this constraint in the case of the

cantilever beam by requiring that when printing a new stack, its width cannot exceed the

previous stack width plus a term c depending on the overhang limit angle. With N steps,

this constraint yields the following N − 1 inequalities for 1 ≤ k ≤ N − 1:

wk + c ≥ wk+1

Here, the wk are the actual widths after applying the control width vk and adding the drift

term γ and a noise term of variance σ. Adding a minimum and maximum values for the
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widths of the layers yields two new constraints

a ≥ w1

wn ≥ b

Let V be the volume of Rn defined by these N + 1 inequalities. The random vector W =

(w1, . . . , wN)T follows the multivariate normal law of mean V = (v1 + γ, . . . , vN + γ) and

covariance σIN . The probability that W belongs to V is:

PV =

∫
V

1√
(2π)N |(σ2IN)|

exp

(
−1

2
(W − V )T (σ2IN)

−1
(W − V )

)
dW

Taking the gradient of this expression with respect to V gives

∇V PV =

∫
V

1√
(2π)N |(σ2

pIN)|
exp

(
−1

2
(W − V )T (σ2

pIN)
−1

(W − V )

)
σ−2(W − V )dW

=−
∫
V
∇W

(
1√

(2π)N |(σ2IN)|
exp

(
−1

2
(W − V )T (σ2IN)

−1
(W − V )

))
dW

Let S be the surface of the simplex V . This surface can be partitioned in N +1 surfaces de-

fined by the same inequalities defining V , but by replacing exactly one of these inequalities

by an equality. Using the divergence theorem, it can be shown that ∇V P is equal to a sum

of N + 1 probabilities of normal over N − 1 simplexes multiplied by the normal vector of

these simplexes. However, these probabilities don’t have a closed-form solution, making

a minimization problem using the probability of failure (or of violating the constrained) in

a combined cost intractable. Therefore, the log-likelihood trick can be used. It consists in

considering the log-likelihood of failure instead of the probability directly.
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2.4.3 Minimizing the log-likelihood of failure

Letting

LV =

∫
V

log

(
1√

(2π)N |(σ2IN)|
exp

(
−1

2
(W − V )T (σ2IN)

−1
(W − V )

))
dW

The gradient of LV is given by

∇VLV =

∫
V
σ−2(W − V )dW

= σ−2|V| (V ∗ − V )

Here, V ∗ is the center of gravity of V .

Therefore, under the objective constraint 2.1, the Lagrangian of the problem is:

L = LV + λ

[
N∑
k=1

cN,k
vk
− C

]

From there, a numerical solver can be used. The exact solution of this optimization problem

could also be found by setting partial derivatives of the Lagrangian to 0. This leads to the

third-order equation in v2
k

v3
k − v∗kv2

k + λ
σ2cN,k
|V|

= 0 (2.2)

Since

C =
N∑
k=1

cN,k
vk

=
|V|
λσ2

N∑
k=1

vk(v
∗
k − vk)

λ =
|V|
Cσ2

N∑
k=1

vk(v
∗
k − vk)
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And the vk are solutions of the following system of coupled third-order polynomial equa-

tions:

v3
k − v∗kv2

k +
1

C

N∑
i=1

vi(v
∗
i − vi)cN,k = 0, 1 ≤ k ≤ N (2.3)

2.5 Determination of the models parameters

In order to determine the parameters of the model described above, prior experiments were

performed on test specimens.

2.5.1 Printed test specimens

Test specimens of fixed heights and thickness and of variable widths were printed previ-

ously to attempting any closed-loop control experiment 2.2. The chosen height was 50 mm,

the thickness was 3 mm while the different widths were 5, 10, 15 and 20mm. 3 specimens

per width were printed for a total of 12 specimens. In this experiment the infill density was

constant (30%).

2.5.2 Stiffness measurements

On each test specimen, a stiffness measurement was performed by measuring the force

applied on a load cell while deflecting the cantilever beam 2.3. The load was fixed on the

3D printer moving head, and the deflection was controlled by directly moving it with some

custom G-code.

5 series of measurements were taken per specimen in order to determine the parame-

ters E, γ, σp and σo. Load and deflection measurements are shown on Figure 2.4 while

Figure 2.5 shows the first-order interpolation between stiffness and width.
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Figure 2.2: 4 specimens of different widths
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Figure 2.3: Measurement of the stiffness of a full specimen printed with open-loop control
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Figure 2.4: Deflection and load measurements on test specimens

Figure 2.5: Interpolation between stiffness and width of the test specimens
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2.6 Experimental results

To assess the performance of the closed-loop controller, a printing experiment was per-

formed based on the cost function minimizing the quantity of used material defined in

subsection 2.4.1. The Lagrangian was adjusted by adding a lower and upper bound to the

widths of each stack and by enforcing that the successive widths were decreasing. All

controls were found using the SLSQP implementation of the SciPy python library.

2.6.1 Experiment description

One specimen was printed with a closed-loop control while three specimens using an open-

loop control were printed. Each printed printed had a height of 10 mm, a thickness of 3 mm

was made of 1000 layers. For all specimens, the first 500 layers were printed with a fixed

width of 20 mm. The 500 remaining layers were partitioned in 10 stacks of 50 layers, each

stack having a specific width between 5 and 20 mm. The widths of the 10 printed stacks

were predetermined before printing in the case of the open-loop control. When printing

with a closed-loop control, a measurement was taken before printing each new stack and

the new control determined thereafter. See Table B.1 of the Appendices to see the input

controls in the open-loop and closed-loop cases.

2.6.2 Results

After the completion of the printing of each specimen, five stiffness measurements per

specimen were taken and compared to the target. Stiffness measurements are reported in

Tables B.2 and B.3. The deviation from the compliance target is reported in Table B.4. The

deviation for the closed-loop control was 0.16%, whereas the mean of the deviation of the

three specimens printed with open-loop control was 22.61%.
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2.6.3 Results discussion

There was a significant improvement of the precision of the final compliance of the printed

specimen by introducing a closed-loop control. However, the poor results of the open-loop

control is mostly due to the simplicity of the model that is used in this experiment. Indeed,

the mean and standard deviation of the compliance of the three open-loop specimens are

respectively 0.0464 mm/g and 0.004 mm/g while the target was 0.06 mm/g. It means

that despite the imprecision of the process giving such a standard deviation, there is also

a significant drift not captured in the model that brings the mean so far from the target.

But this drift also affects the closed-loop controller since both controllers are based on the

same model. Therefore, it shows the whole relevance of using a closed-loop controller:

despite an imprecise and somehow poor model, a closed-loop controller can still achieve

good results. Now, a legitimate question is to ask if a closed-loop controller would still

be pertinent if a sufficiently precise model could predict exactly the expectation of the

compliance of a specimen printed in an open-loop fashion. The standard deviation obtained

from the three open-loop specimens is an indication that the answer is yes. Assuming that

this standard deviation is proportional to the expectation of the compliance, an estimate of

the percentage of deviation from the target that would be obtained is the standard deviation

divided by the mean of the process. Based on the results of this experiment, this deviation

percentage is around 10%, a value still superior to the deviation obtained with the closed-

loop control by two orders of magnitude.

2.7 Conclusion

In this chapter, a second feedback control experiment for a specific additive manufacturing

process was presented. This experiment aimed at manufacturing a cantilever beam of a

specific desired flexural rigidity. In situ stiffness measurements were carried out during the

manufacturing process and the closed-loop controller drastically improved the performance
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of the final part over the open-loop controller. One of the main conclusions of this experi-

ment is that even with a simple physical model that fails at capturing the whole complexity

of the AM process, a feedback control can be robust enough to reach the desired target with

a good precision. This is of primary importance since a reason for not using closed-loop

control in AM is a difficulty to model the processes involved. The presented results show

that this might not be such a problem. To generalize this experiment to different processes

and desired object properties, a general framework to describe various object properties

and link them to control variables is required. The needs for generalizing this experiment

to the printing of arbitrary parts is the subject of the next chapter.
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CHAPTER 3

GENERALIZING CLOSED-LOOP CONTROL CAPABILITIES TO THE

MANUFACTURING OF ANY PART

In this chapter, the requirements for the generalization of feedback control in additive man-

ufacturing are explored. Three main points, linked to the formulation and solving of a

general control problem, are discussed. The first one is the formal description of the prob-

lem in term of state, control, cost and objective. The second is, given a formal description

of a state, the estimation of its parameters. The third and last point is a description of

the available control variables in the case of additive manufacturing. Additive manufac-

turing encompasses a wide range of fundamentally different processes, based on different

materials (like metals and plastics), and that often have several patented variants known

under different names. Moreover, while open-source printers become more widespread,

especially among hobbyists, most printers are based on proprietary software, making it al-

most impossible to modify the control algorithms used for the manufacturing of an object.

Therefore, creating a global framework for feedback control in AM can sound like a daunt-

ing task. But rather than aiming at deriving general control laws which would apply to any

object manufactured with any technology, the objective of this work is to pave the way for

the creation of a framework allowing to describe all the information necessary for the use

of different and unspecified feedback control laws when manufacturing any object with an

arbitrary printing process. For that, such a global framework should apply and formulate

this information at the level of the 3D printing file. Indeed, despite the multitude of additive

manufacturing technologies, all of them rely on a very restricted number of file formats for

describing an object to be built. These files are then transformed to a series of computer

numerical control instructions that depend on the printer, the software used for generating

these instructions and the parameterization of this software for this specific print. There-
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fore, the description of an object provided by a 3D printing file is the last representation of

an object that all printing processes share in common. For this reason, the position taken

in this work is to incite to the creation of systematic rules for including the required infor-

mation for feedback control in additive manufacturing at the level of the files describing

objects that are to be 3D printed.

3.1 Formulation of a general control problem

In order to formulate a control problem, the state space and the control space have to be

formulated. However, the space of all manufactured objects, even considering a simple

description (like the presence or not of a specified isotropic material at each point of a

compact subset of R3) is infinite-dimensional, and will grow exponentially when adding

more properties (anisotropic materials, composite materials, local porosity). To make the

problem tractable, a discretization has to be considered, and the level of discretization will

depend on the object requirements. The requirements formulated for an object are trans-

lated in term of a control problem as an objective. This objective is most likely described as

a subset of the state space, where an object satisfies the requirements if and only if the final

states belongs to that subset. But the objective can also translate as a final cost function,

used to directly define the objective subset or to help the control laws to stir the state to the

objective subset during the process. The objective of a general control problem is described

more specifically in the next subsection.

3.1.1 Objective definition

In order to specify a control problem for the additive manufacturing of an object, an ob-

jective is formulated a set of states that are considered acceptable. To ensure that a state

is acceptable, the final printed object has to satisfy different properties that are determined

during the design of the object as specifications and that illustrate its purpose.
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Properties characterizing a 3D printed object

Here, an attempt is given to classify these different properties under general categories.

1. Geometric properties: These properties only characterize the geometry of an object

and do not depend on the material used. They are usually implicitly conveyed by a

basic 3D printing file format such as STL that only described the geometric represen-

tation of the object. Examples: Exact shape, volume, diameter, convexity, number of

faces.

2. Physical properties: They are properties that depend on the material used and that

may also be affected by the process used for manufacturing the object. The informa-

tion given by standard 3D printing files is not sufficient to describe those properties.

They can be divided in 2 subcategories:

Local properties: These properties characterize the local state of a printed ob-

ject at a given location, independently of the rest of the object. Examples: Density,

stiffness, conductivity.

Global properties: These properties characterize the whole object printed and

usually depend on a combination of the local properties of the object and of its ge-

ometry. They are the hardest to verify but often the most useful to the manufacturer as

they can translate directly a wide range of different specifications. Examples: Mass,

stress under a given load, electrical resistance between two specific points, magnetic

moment.

Including the target properties in the formulated control problem

Reaching the desired objective properties at the end of a control problem requires to define

what is acceptable for the printed object. Therefore, rather than specifying exact values

for the properties to be met, a property is considered satisfied when the quantities involved

are close enough to a specified value or belong to an interval also specified by the object
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specifications. Such specifications are made to ensure that the intersection of all properties

define a feasible and reachable dense subset in the state space describing the printed object.

3.1.2 State space of the system

The description of the state of the system can be the source of many difficulties because

of the continuous nature of the problem and the high-number of variables describing the

microscopic state of the object. Considering that the microscopic state of the object can be

described by n real-valued quantities fk(x) ∈ R at each point of the object x ∈ R3, then

the most accurate and comprehensive description of the global state of the object at time t

is

St = {(x, f1(x), . . . , fn(x), x ∈ Vt)}

Here Vt is the volume of R3 where material has been deposited at time t.

However, to make the state of the system tractable, a discretization has to be considered.

In that case, instead of considering Vt, a discrete subset V ′t of Vt is considered, leading to

a finite state S ′t ∈ R(n+3)|V ′t | with |V ′t | being the size of V ′t . The way of choosing the

discretization of Vt depends on the properties to be satisfied. The finer the description is,

the more accurate will be the estimation of these properties. Usually, a good discretization

will match the vertices used in the 3D printed file describing the geometry of the object,

and will be appropriate for the use of Finite Element Methods to verify the properties given

in the specifications of the object.

3.1.3 Control space of the system

Describing a control space that fits to every additive manufacturing process is not a realistic

task. Rather, the control space varies with many different factors like the specific process,

the type of printer that is used and maybe the configuration of the printer. Usually it will

include different position values (such as the nozzle position for Fused Deposition Model-

ing), a possible extrusion rate, different temperatures such as the temperature of the bed or

41



the temperature of the nozzle.

3.1.4 Dynamics of the system

As for the case of the control space of the system, the dynamics of the system will vary from

one process or printer to another. What’s more, even for a specific setting, deriving mean-

ingful dynamics from a physics-based model is an extremely complicated task given the

complexity of AM processes, and an active area of research [40, 52, 54]. But the relation-

ships between the control variables and the material properties must be known to predict

the behavior of a part and adapt the input controls during the process. A modeling step with

a physics model can be considered to predict the behavior of the 3D printer in the actual

environment of the manufacturing process. [8, 17, 36, 72] give several models especially

concerned with thermal processes during specific additive manufacturing. Such models

can be used during the feedback control, parametrized and given more or less confidence

when performing an estimate of the state of a manufactured build. Examples of modeled

properties of the material are its microstructure and the presence of anisotropic tensiles.

Because of the layer-by-layer deposition, AM methods create by nature anisotropies in the

printed material [27]. These anisotropic properties have been studied for different types

of materials, such as the polymer ABS [1] or the Ti-6Al-4V titanium alloy [5, 14]. Both

materials are frequently used in AM, and the latter is particularly relevant since it is one of

the most common alloys in aerospace industry, a sector directly concerned by low-volume

production, and is widely used for biomedical applications like implants and prostheses,

two kinds of devices that benefit from efficient mass-customization processes. Moreover,

3D manufactured builds often suffer from end product surface roughness, and their mi-

cro structural characteristics are strongly affected by their thermal history, especially for

processes like Laser-based additive manufacturing (LBAM), during which a printed build

is subject to high temperature gradients and important heating and cooling rates influence

the microstructure of the material [2, 8, 9, 29, 32, 41, 64, 71, 82]. Thermal history is also
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known to create micro-hardnesses [17, 22, 32, 47, 64] and residual stress [44, 58, 64] in the

printed build, degrading it’s performance. Modeling those phenomena is a necessary step

to achieve the desired optimized topology. Since the goal is this work is to foster the de-

velopment of closed-loop control for AM processes in general, the details of modeling the

dynamics of specific processes are not explored. However, the used dynamics do not es-

pecially have to be provided entirely by physical models. They also can be determined

empirically via previous measurements on test objects, as done in the experiments of chap-

ters 1 and 2.

3.2 State estimation and process monitoring

One of the main issues of controlling a printing process with a closed-loop is to be able

to estimate the state of the printed object during the process. This requires non-destructive

methods to evaluate and predict its overall performance. This evaluation is a complex blend

of inter-related parameters such as microstructure, density, electronic conductivity, geom-

etry, void density, inter-layer adhesion, elastic modulus shear modulus, and anisotropy.

Many of these relationships are inter-related, print-process dependent, and still unknown

to the materials science community. For this reason, as for determining the dynamics of

an AM process, this work does not pretend to give a systematic way to estimate the state

of a printed object during its manufacturing. However, a quick overview of the available

methods with some suggestions to link measurements and state estimation are given.

3.2.1 Nondestructive testing

Because the whole purpose of using feedback control laws in AM is to succeed in printing

an object conform to the given requirements at first try, every method of testing performed

during the manufacturing process has to be nondestructive. Several Nondestructive Testing

(NDM) methods exist [7, 15, 33, 57, 61, 69] and The American Society for Nondestructive

Testing lists the six following as the most frequently used:
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• Magnetic Particle Testing [50]

• Liquid Penetrant Testing [49]

• Radiographic Testing [34]

• Ultrasonic Testing [7]

• Electromagnetic Testing [6, 28]

• Visual Testing

Magnetic Particle Testing and Liquid Penetrant Testing are not suited to AM because

of the need to use a foreign material that may interfere with the printing process. However,

the other methods can be used to monitor a manufacturing process. Visual Testing can

be done via computer vision algorithms to produce a feedback control as done in [67]

or [62]. Other NDT methods that can be considered in AM are Laser Testing Methods [42]

or Thermal/Infrared Testing [45]. That last method is particularly relevant, since in many

processes, the evolution of the temperatures profile of an object being printed has a direct

impact on the structural property of the final object once it has cooled down. [23] is an

overview of monitoring methods that are compatible with AM processes while [63] studies

the materials qualifications for AM using NDT methods.

3.2.2 Relations between NDT measurements and manufactured object state

In order to be able to incorporate the local parameters of the material of what is printed to

the state of the system, one must be able to evaluate these parameters with a sufficiently

good precision in real-time. With the profile history, thermal history or any other perti-

nent data of the build that can be measured in real-time, the relevant properties can be

reconstituted with various methods. Such methods can be based on a physics model or on

data-driven statistical methods.
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Physics model based methods

Using physics model to infer the state of an object given observations taken via NDT is a

possibility that requires a physics model of the process. As discussed before, this is not

the objective of this work and references about modeling specific AM processes can be

found in the literature [8, 17, 36, 37, 40, 52, 54, 72]. In [37], a scale measuring the mass of

the printed object is used to monitor the manufacturing process, while a thermal camera is

used in [32]. [46, 70] give several examples of monitoring processes and ways to correlate

raw measurements to mechanical properties.

Data based methods

To derive the state of the printed object given some observations, data based methods re-

lying on machine learning algorithms and statistical models can also be considered [78].

For instance, one can imagine that for a printer using a specific AM process, the follow-

ing methodology could be used to derive a model: A series of test objects can be printed

and monitored using NDT methods, while other measurements, potentially destructive are

taken when the object is printed. Those final measurement are used to infer the state of

the object and to relate it with the input controls and NDT measurements taken during the

process. Therefore, after a sufficient number of test objects has be printed, one can imagine

being able to generalize the state inference to other objects using only the NDT measure-

ments and maximum likelihood estimation algorithms like Expectation-Maximization [20].

3.3 Semantic annotations of 3D printing files

Creating a general framework for closed-loop control in AM can only be done by focus-

ing on what all the AM processes have in common. And because additive manufacturing

processes differ from one to another in substantive ways, that framework should be inde-

pendent of the type of AM technology and of the physics involved in the manufacturing

45



CAD software
(Autodesk, Solidworks, . . . )

CAD Model

3D printing file format
(.stl, .amf, . . . )

Slicer software
(slic3r, Cura, . . . )

G-code

Printer firmware

3D printed object

Figure 3.1: Workflow of a typical AM process
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process. Looking at figure 3.1, the bottommost element of the diagram common to almost

all AM processes is the 3D printing file format. Therefore, this is the reason why this work

focus on creating a framework for closed-loop control in AM by suggesting the creation

of semantic annotations for 3D printing file format. These rules are meant to provide all

the meta-information of an object to be built, including the final desired properties to reach

but also the intermediate steps that allow to verify and reach those properties. The idea

of semantic annotations comes from the semantics of programming languages. A need

exists within the community to develop the semantics of AM print files particularly when

compared to the evolution of other sectors such as database management [19], computa-

tional finance [83] and reactive software [74]. Only intents to annotate 3D shapes stored

in a database through concepts expressed by an ontology were made to ease the retrieval

process [4]. Another example of semantic annotations for 3D shapes is in the frame of com-

puter vision to extract relevant object features [43] or represent a robot environment [60].

However, none of these efforts closely relate to the real-time manufacturing context de-

scribed in this thesis, whose concept is to using formal methods to allow a manufacturing

process to evolve on the fly within the specifications of the semantic annotations. In AM,

the program is the object to be evaluated, ie. printed. Axiomatic semantics can be used

to declare projectively the expected behavior or meaning of that object. This behavior can

be all the properties given in the subsection 3.1.1. Therefore, semantic annotations of 3D

printing files are a direct way of formulating the objective of the printing process. There

is few effort trying to consider the needs in term of digital representation of 3D printing

objects for a global improvement of AM processes. The publication [53] suggests an adap-

tion of programming languages tools to improve the quality of the parts built with basic

3D printers, and mentions the possibility of performing feedback control during a process

based on video recordings.
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Figure 3.2: Excerpt of an STL file describing a cube

3.3.1 Existing 3D printing file formats

STL

Several file formats exist for additive manufacturing. The most common one is STL (ab-

breviation of ”stereolithography”) which describe a surface mesh made of triangles (Fig-

ure 3.2). STL does not handle multi-material objects does not include any information

about the model position, orientation color, texture. Moreover, no mechanism allowing to

add comments or meta-information to STL files currently exists. However, STL remains

without a doubt the most popular file format for AM.

OBJ

OBJ (abbreviation for ”object”) is the second most popular file format for AM and can han-

dle multiple materials and colors. Another main advantage of OBJ is that it supports both

polygonal surfaces and free-form objects. Therefore it can represent complex geometries

without relying on approximations by triangles like an STL file would do. OBJ is however

a complex format and does not support annotations natively.
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AMF

An alternative for AM files is AMF (Additive Manufacturing File Format). It was intro-

duced in 2011 by ASTM International to replace the STL file format. AMF is based on

XML and some meta-information can be added to AMF files with the <metadata> ele-

ment tag. AMF can specify several material that can be referenced by volumes or composite

materials with proportions which can be position dependent. AMF also has a native sup-

port for lattice geometries, include information about scale, orientation, duplicates, colors

and textures. This format also support curved triangles, and is then more size-efficient than

STL when representing curved surfaces. AMF specifications are defined by an ISO/ASTM

standard [39]. AMF should offer enough flexibility to include enough information regard-

ing the properties of the object to be printed in most cases. But a shortcoming of AMF

is that its adoption had been slow since it was created, and it might be abandoned as the

successor of STL to the benefit of another file format: 3MF.

3MF

3MF (3D Manufacturing Format) is a file format introduced in 2015 by Microsoft to replace

STL. It is similar to AMF in term of features and may be more widely adopted because

of the participation of important stakeholders of the world of AM in the development of

the format. Such as AMF, 3MF is a good candidate for introducing in a file some meta-

information that can be used to formulate the objective properties and a closed-loop control

problem.

3.3.2 Formal definition of AM files properties

In this section, general guidelines and suggestions about how to define the properties to

be verified and how they can be verified. During the manufacturing process, the inversion

problem described in Section 3.4, which is performed on the fly, relies on a finite element

analysis (FEA) of a volumetric mesh of the build. Even though other analysis methods
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can be considered in the long-run, such as multi-physics and multi-scale modeling to accu-

rately understand properties. Finite element methods can solve most nontrivial properties

of manufactured objects and can be easily described by the semantic annotations of an

AM file. The same way the semantic of programs can help proving them by decompos-

ing an algorithm in small natively provable statements, a volumetric mesh corresponds to

a decomposition of a build model that is used to prove relevant complex properties. A

volumetric mesh is defined as a set of vertices or nodes with incidence relations that form

edges, faces, and elements. The geometry of the mesh specifies the positions of the ver-

tices and other eventual geometric characteristics of the vertices, whereas the topology of

the mesh describes the incidence relations between its vertices, edges, faces, and elements.

Therefore the metadata included in a particular AM file is supposed to contain the whole

information necessary to reconstruct the volumetric mesh used for the FEA. This mesh has

been determined prior to the manufacturing in order to provide a sufficient accuracy of the

the simulations within a reasonable time. Many techniques exist to generate a volumetric

mesh suitable for a FEA from a surface mesh. For instance, TetGen [66], which is a soft-

ware for tetrahedral mesh generation, can be used to generate a good quality mesh from an

AM file. Most of the time, the surface mesh described in an AM file is not directly usable

for a FEA since the Delaunay tetrahedralization of its vertices may not even contain all the

edges and faces of the surface mesh. In that case a constrained Delaunay tetrahedralization

can be performed. A constrained Delaunay tetrahedralization is a tetrahedralization of a

set of vertices which contains some predefined edges while being the closest of a Delaunay

tetrahedralization of those vertices. See [65] for more details. An example of constrained

Delaunay tetrahedralization is given in Figure 3.3.

FEM can provide the approximate solution of a partial differential equation involving

two quantities over the domain of the mesh. With FEM, local linear equations approximat-

ing the behavior of the object at each node are assembled in a linear equation of the form
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Figure 3.3: Example of a 3D tetrahedral mesh of a cube generated from an STL file with tetgen

F = KU (3.1)

where F and U are the two vectors representing the quantities of the PDE at each node

and K a symmetric positive definite matrix whose coefficients are directly related to the

properties of the material at the nodes of the mesh.

Usually, for a specific node, one of the involved quantities is known and the other is

unknown. The unknown values are obtained by solving 3.1. Since AM files originally

only contain a polygonal surface mesh of the object, the first information to be added to

the polygon mesh is the remaining set of vertices used to form a suitable volumetric mesh

for a FEA. This would result in a significant but manageable increase of the file size. This

volumetric mesh forms the basis for the FEA. Most of the time a Delaunay triangulation

of the vertices is sufficient. But it is also possible to consider a different triangulation of

the vertices or a tessellation that involves other polyhedra than tetrahedra. In that case

the semantic annotations contain the topological information of the mesh (edges, faces,

elements).

A volumetric mesh is then obtained on a domain Ω whose boundary ∂Ω is exactly the

surface mesh described by the AM file. To each vertex is added all the necessary metadata

to describe the constraints that have to be met and the parameters that are involved in the
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verification of those constraints.

Therefore, properties of AM files are not exactly considered, but rather properties of

tuples (M, f), where M is a volumetric mesh and f a function which associates to each

vertex of M a set of parameters with their respective ranges. Formally, a property is a

set of such tuples closed under mesh isomorphism. (M, f) is said to verify the property

P if (M, f) ∈ P . For a printed object associated to a volumetric mesh M , the function

f is modified during the manufacturing process. Indeed, the vertices belonging to the

domain of the object that has already been printed are associated new values with respect

to f and the observation of the process. While before printing f associates to vertices

expected parameter ranges, it then gives real values or ranges. Even if a printed object can

be correctly represented by different couples (M, f) that do not verify the same properties,

this problem is not addressed in this work since it is more a question about the reliability

of FEM in general, and an accurate mesh is assumed to be chosen.

3.4 From semantic annotations to feedback control laws: Closing the loop based on

the represented properties at the file level

Once a correct semantic representation of the expected properties of an object are imple-

mented, along with the methods to prove them with a FEA, control laws specific to AM

processes have to be designed. In this section, a way to adapt on-the-fly the local properties

of the rest of the build to meet the requirements is suggested.

While the final build is printed, the monitoring of the manufacturing process can eval-

uate the performance of the build with regard to the semantics of the AM file and what

has already been printed. The semantic annotations are used to produce a prediction of the

build after termination of the process and to assess if the build specifications are respected

or not. If there is a chance that the build will not satisfy the requirements described by the

semantic of its file, the printing of the rest of the build can be adapted to meet the final con-

straints by changing the expected values of the material parameters present in the semantic
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annotations, and by changing the control system variables adequately. In most cases, a AM

print file and its semantics will exhibit a prescribed geometry constant material properties

over the domain of the build. However, the printing process will introduce inherent micro-

scopic defects affecting the material property. With a careful monitoring of these defects

and an adapted analysis, if the altered material properties can be estimated on the fly, with

micro-mechanical models for example, the control parameters of the printing process can

accordingly be modified to obtain different material parameters for the remainder of the

build, thus compensating for the initial discrepancy in the expected material properties. In

that case, even if the build is designed with already defined constant material properties, the

final build is actually printed with varying local properties, optimized during the printing

the process. Following the example of the stiffness equation (3.1), adapting the material

parameter means determining a new matrix K that contains the information of the known

stiffness coefficients keij of the elements of the mesh belonging to the domain of what has

already been printed, and that yields a solution to the stiffness equation (3.1) respecting the

specifications. Of course, when resolving this problem, the manufacturing constraints must

be taken into account too. Whereas in a simulation depending on a stiffness equation such

as (3.1), K is usually given and one seeks to find the unique solution of the equation, K is

not considered fixed here. The goal of the methods presented here is rather to be able to

modify the matrix K, so that the solutions of the stiffness equation are satisfying. This is

why this step is later referred as the inversion problem.

A way to solve the inversion problem while incorporating all the manufacturing con-

straints is to perform a multi-scale topology optimization of the rest of the manufactured

build to optimize the material properties.

3.4.1 Online topology optimization

Topology optimization is generally adopted to optimize the macroscopic (continuum scale)

topology of an object given a set of constraints, loads, and boundary conditions. It is usually
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a minimization problem which is solved during the design step of the object with various

methods approximating a solution like gradient descent or genetic algorithms. In contrast

to traditional approaches to topology optimization, recent work [10] combines topology

optimization techniques with advanced microstructural models [11] to optimize the mi-

crostructural distribution within a component rather than its macroscopic topology. This

multi-scale optimization approach is particularly well suited to 3D printing applications,

as this manufacturing process inherently produces microstructures that affect the local ma-

terial properties of the component, e.g., through the introduction of voids or preferred di-

rections, and hence its performance. One of the main advantages of topology optimization

methods is that many various constraints can be expressed in the system to optimize. In

the case where the mesh is fixed, the parameters to be optimized are the values of the key

parameters at the nodes belonging to the domain of the object that is not yet printed. The

same parameters but for the nodes corresponding to the part of the build already printed

become fixed values that are involved in the optimization process but not optimized since

they cannot be changed anymore. This online topology optimization process allows us to

take into account the defects that arise during the manufacturing process and that modify

the optimization problem. For the computational efficiency of the online topology opti-

mization, one can imagine methods that do not perform de novo the whole minimization

step at each step, but reuse the previous results to estimate a new minimum during the

manufacturing of the build. For instance, consider a real-valued smooth function F whose

domain is an open of Rn, and that represents the function to be optimized with respect to

x ∈ Rn, x being the set of local material parameters that can be controlled. F is assumed

to be minimized for x0 = (y0, z0) with y0 representing the first p coordinates of x0, p < n.

The Hessian matrix of F at this point is assumed to be positive definite. The printing pro-

cess evolves with the objective of reaching x0, and the first p coordinates of x are now

fixed to the value y0 + δy because the printing of the build is not perfectly accurate. Then,

instead of recalculating the minimum of F (y0 + δy, z) with respect to z, one can write
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F (y0 + δy, z) = F (y0 + δy, z0 + δz) and make a quadratic approximation, assume that

Fzz(y0, z0) is definite positive, such that this quantity can be minimized by taking

δz = Fzz(y0, z0)−1Fyz(y0, z0)δy

This estimation allows us to save some computational resources, especially since mini-

mization problem can be hard to solve in high-dimensional continuous spaces.

To obtain the desired macroscopic properties, the topology optimization acts on the

microscopic parameters that can be modified during the printing process. Those are not

always directly controllable but rather influenced by the way the closed-loop control sys-

tem is parametrized. By modifying the closed-loop control of a 3D printer, the objective

is to create specific microstructures to obtain the wanted values for local parameters in the

topology optimization. This approach is developed in [10] where a microstructural op-

timization is performed, enabling the computation of multiscale optimization by tailoring

microstructure to obtain desired macroscopic properties. Topology optimization can no-

tably be used to achieve a desired stiffness by minimizing the final weight, for example

with Michell structures [48]. [81] studies the topology optimization of structures subject

to design-dependent loads while [68] studies tradeoff curves for topology optimization

under design constraints. [13, 21, 51, 80] suggest methods more specific to AM that can

be adapted for online optimization by manufacturing specific open-cellular structures with

pre-selected stiffness.
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CHAPTER 4

CONCLUSION

The field of AM is appealing because of the simplicity it offers for manufacturing com-

plex and various parts quickly. And the position taken in this thesis is that it could benefit

from the introduction of closed-loop control systems based on widespread methods coming

from subfields of optimal control such as stochastic optimal control and filtering. The use

of dynamic programming and better control algorithms in general, based on the expected

characteristics of an object and nondestructive testing, could leverage the potential of low-

cost printers to produce high-quality prints. The first objective of the work presented in

this thesis is to show the relevance of closed-loop control in additive manufacturing by pre-

senting two experiments that serve as a proof of concept. Those two experiments proved

that by performing intermediate measurements on a partially manufactured object and by

relying on dynamics models parameterized by test experiments, one could drastically im-

prove the performance of the printed objects. The second objective is to encourage to the

development of a semantic environment for AM files in order to draw a link between the

geometrical description of the part, the printing material properties, and the part specifi-

cations. Finally, the third is to describe the adaptive mechanisms necessary to modify the

local properties of the printed build and to achieve the desired high-level properties. With

a semantic environment, a formal description of the part can be provided along with the

geometrical description of the part. This environment provides semantic annotations to the

volumetric mesh describing the part, so that a topology optimization of the part associated

to a closed-loop control is performed during the manufacturing process to thwart the even-

tual unpredicted printing defects that can arise. This concept can be effective if the AM

processes were understood well enough. For many of them, however, this is not currently

the case. But even if some AM processes are not understood well enough to be modeled
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precisely, some model-free statistical methods can be considered to describe the involved

dynamics. What’s more, the results of the experiment of Chapter 2 suggest that closed-

loop control based on an imprecise model could still be efficient. A significant aspect when

performing feedback control in AM is the capability of observing the processes. For that,

nondestructive testing technologies such as computed tomography scanning or ultrasonic

testing have to be better integrated with 3D printers to perform in situ measurements dur-

ing printing. Therefore, in a long-term vision, the definition of a formal environment to

determine appropriate control laws needs to be general enough to adapt to the progress that

can be made in term of AM processes modeling, understanding and sensing. The type of

information to be included in semantic annotations for AM print files should then be open

to new changes and modifications, and be the result of a common effort between the main

actors of the world of additive manufacturing.
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APPENDIX A

TABLES FOR CHAPTER 1

Table A.1
Mean of the stiffness of each specimen from 5 measurements (kg/mm)

density 1st specimen 2nd specimen 3rd specimen
10% 6.4024 7.5183 8.4502
15% 10.2724 8.4851 8.5846
20% 11.7310 9.4587 11.8682
25% 13.1919 11.4165 12.8316
30% 12.9317 14.5737 12.8644
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Table A.2
Standard deviation of the stiffness of each specimen from 5 measurements (kg/mm)

density 1st specimen 2nd specimen 3rd specimen
10% 0.4432 0.5480 0.6473
15% 0.4524 0.5990 0.8108
20% 0.5414 0.6596 1.7784
25% 0.7581 0.5805 0.3430
30% 0.9821 0.5072 0.7098

Table A.3
Mean and standard deviation of the stiffness of specimens of equal density (kg/mm)

density mean standard deviation
10% 7.4570 1.0253
15% 9.1140 1.0044
20% 11.0193 1.3533
25% 12.4800 0.9385
30% 13.4566 0.9680

Table A.4
% Printed infill density of the specimen at steps 1, 2, 3 using the filtering algorithm and the two baselines obtained from equation (1.9)

(n,K)
Closed-loop Closed-loop Open-loop
with filtering without filtering (at every step)

(3, 30) 17.705 15.475 17.375 17.705 15.186 22.108 17.705

(3, 40) 28.552 29.648 24.808 28.552 29.634 29.734 28.552
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APPENDIX B

TABLES FOR CHAPTER 2
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Table B.1
Stiffness measurement at each control step in g/mm (closed-loop) and input width of each stack of 50 layers in mm in the closed-loop

and open-loop cases

step open-loop control measurement closed-loop control
1 18.905 86.885 18.930
2 16.908 76.287 16.894
3 14.914 63.049 14.856
4 12.927 52.999 12.813
5 10.932 45.206 10.762
6 8.936 40.367 8.690
7 6.945 36.663 6.551
8 5 28.963 5
9 5 23.222 5

10 5 19.792 5

Table B.2
Stiffness measurements in g/mm of the three completed specimens printed with open-loop control

measurement number specimen 1 specimen 2 specimen 3
1 19.298 21.220 23.805
2 20.109 20.698 24.284
3 19.738 21.310 25.160
4 20.036 21.223 24.429
5 20.057 19.899 24.294

mean 19.847 20.870 24.394
std 0.340 0.595 0.489

Table B.3
Stiffness measurements in g/mm of the completed specimen printed with closed-loop control

measurement number measured stiffness
1 15.577
2 17.243
3 16.003
4 17.104
5 17.274

mean 16.640
std 0.793

Table B.4
Percentage of deviation of the final compliance with the target for each specimen

open-loop 1 open-loop 2 open-loop 3 closed-loop
16.02% 20.14% 31.68% 0.16%
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