
CONTROL OF A SYSTEM BASED ON A 3D
PRINTED TORQUE SENSOR

R.A. (Rogier) Heeg

MSC ASSIGNMENT

Committee:
prof. dr. ir. G.J.M. Krijnen

ir. D. Kosmas
Y.P. Wotte, MSc

dr. ir. R.G.K.M. Aarts

February, 2023

006RaM2023
Robotics and Mechatronics

EEMCS
University of Twente

P.O. Box 217
7500 AE Enschede

The Netherlands



ii <Control of a system based on a 3D-printed torsion sensor>

<Rogier Heeg> University of Twente



iii

Summary

The technology of Additive Manufacturing started in the early 1980’s but only recently has risen
in popularity that resulted in new and optimized processes and introductions to methods like
multi-material additive manufacturing. This method paved way for a new field of research on
3D printed sensors using conductive filaments. The main problem with 3D printed sensors is
the non-linear behavior in their response which are mainly contributed to hysteresis, drift and
creep. This work present the process of design, application and validation of an 3D printed
torque sensor using strain gauges. Inspiration was drawn from commercially available mech-
anical torque sensors, such that a circular sensor design was made with identical and oppos-
ing strain gauges that make differential measurements possible. The characterization of the
sensor yielded satisfying results, showing minimal non-linear behavior when excited with an
low torque, low frequent harmonic input in a controlled setting. For the application a pendu-
lum setup was made that was integrated with the sensor design. The validation of the sensor
showed a response of the same magnitude as the input but with larger error. It was found that
this error is mainly contributed by the phase lag, due to the real time low pass filtering of the
data, and hysteresis. It is thus recommended that, for real time use of the sensor output, re-
search is done to properly filtering real time sensor data and compensation of hysteresis.
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1

1 Introduction

1.1 Context

The technology of Additive Manufacturing (AM) started in the 1980's with the �rst patented
method of layer by layer rapid prototyping being Stereolithography (SLA) [14]. In SLA, photo-
sensitive 3D shapes were made by placing layers of photosensitive resin and curing them using
a laser [15]. It was not until 1989 that Scott Crump patented the �rst Fused Filament Fabric-
ation (FFF) method where a �lament is melted within a heated nozzle and directly extruded
on a surface [16]. It was after this patent became public domain in 2006 that its popularity in-
creased rapidly [17]. This popularity resulted in new and optimized processes of FFF such as
the method of multi-material additive manufacturing (MMAM), which adds more complexity
and functionality [18]. This paved way for a new area of research where conductive �laments
could be printed within conventional 3D printed designs, leading to a novel research �eld of
3D printed electronics and sensors [19].

1.2 Motivation & Current research

This master thesis research is done at the NIFTy (Nature Inspired Fabrication and Transduc-
tion) group at the University of Twente. NIFTy focuses on the use of AM to develop systems with
integrated sensory functionalities. Current research at NIFTy feature embedded sensors in soft
and rigid body robotics using the multi material 3D printing method. Such as �ow sensors [20],
tactile sensors [21] [22], shear and normal force sensors [23] [24] to name a few.

Adding to this research �eld, this work focuses on the use of FFF to design and fabricate a
torque sensor and to integrate this sensor in the application to be controlled, showcasing the
feasibility.

1.3 Problem

The main problem with 3D printed sensors is the non-linear behavior of their responses. The
main contributors to this non-linearity are drift, creep and hysteresis [22]. FFF has limited
materials that can be printed and it produces non isotropic structures (meaning not identical in
all directions). Conventional sensors are fabricated speci�cally to minimize these non-linearity
contributors using compound materials with highly predictable behavior, materials that are
unaffected by changes in environment and isotropic structures. The aim of this research is to
design a torque sensor in such a way that this non-linear behavior is minimized and the sensor
is able to be used without the need for a complicated integration process.

1.4 Research questions

The main objective of this thesis is to design & fabricate a 3D printed torque sensor and use it
in a control application as a proof of concept. The objective is divided in three sub-objectives:

1. Which sensing technique is best suited for a 3D printed torque sensor?

2. How should a 3D printed torque sensor be designed such that the non-linearity of the
sensor response is minimised?

3. What application is suitable for demonstrating, characterizing and validating the sensing
performance of the integrated 3D printed torque sensors?

4. What does the control, needed to demonstrate such application, look like?

Robotics and Mechatronics <Rogier Heeg>
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1.5 Report structure

The challenges that are faced during this project are systematically organized and documented.
Each chapter is introduced and concluded. In this Chapter 1 the work is introduced and the ob-
jectives are laid out. Chapter 2 follows up on the objectives with literature on sensing principles,
design & fabrication methods and control strategies. Within this chapter, the design choices
for the sensor are made. Chapter 3 introduces the application that will be used to showcase the
feasibility of the torque sensor. Chapter 4 provides a detailed overview of the design process,
including a structural analysis of the intended behavior, and the fabrication. In Chapter 5 the
characterization of the sensor is described. An overview of the measurement setup and result-
ing data is given. In chapter 6 the sensor and application are simulated and the realisation of
the application is described, it provides an overview of the system in which the sensor is integ-
rated and shows the resulting validation process. Chapter 7 discusses the work that is done in
this project and provides suggestions towards future work. Lastly, in Chapter 8 the project is
concluded and the research questions are re�ected upon.
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2 Literature

2.1 Introduction

In this chapter literature is reviewed on the topics of sensing, fabrication and control as to
provide the necessary background required to support the choices in this work. First and fore-
most is the sensing principle that will be used in the sensor. Next, the fabrication method is
described, together with the materials that might be used for the production of the sensor.
Lastly, the control section of the work is elaborated upon.

2.2 Sensing Principle

In the �eld of 3D printed sensors there are several potential sensing principles. Schouten et
al. [5] describes two of the most commonly used principles, that might be applicable in this
work, namely capacitive and piezoresistive sensing. While both might be viable, a quantitative
method is used to choose the most appropriate one for a set application. In order to do so,
�rst, a pairwise comparison matrix [25] is formed, as to determine the weight of several aspects
of their functionality. Second, a hierarchical weighing over the determined weights is done for
each sensing principle. Resulting in a weighted value that determines the best suited option.
This results in a quanti�ed process of choice. Furthermore, reasoning and explanations re-
garding the fabrication process are described and the results are concluded at the end of this
chapter.

For a pairwise comparison to be made, four aspects of each sensing principle are described and
later weighed at the end of this section. The results of this process are viewed in the conclusion
of this chapter.

The four aspects of each principle that will be discussed and weighted are; performance, design,
usage and mechanical dependability . Each of these aspects is described such that it is clear
what it entails. Several aspects are divided in sub-aspects and weighted individually.

Performance This performance aspect of the sensing principle focuses on the repeatability
of its responses. It considers the linearity, drift and hysteresis of the method based on previous
research.

Design Within this design aspect two sub-aspects are weighted. First, the methodology of
the design is considered. Based on literature, the fabrication process, the implementation and
the reproducibility of the models is evaluated. Secondly, the production cost is gauged, this
includes material and fabrication costs, but excludes man hours and implementation.

Usage The aspect of usage is divided in three sub-aspects. First, it considers the readout prop-
erties and methods that come with the sensing principle. This includes equipment and inter-
facing of the data. Within the second sub-aspect the durability is assessed. This includes the
expected design life cycle of the design and the repeatability of the required motion. Lastly,
implementation is evaluated. The complexity of using the design in an application outside of
testing, the equipment needed for usage and setup time.

Mechanical Dependability Lastly, the mechanical dependability of the sensing principle con-
sidered. First, deformation , this includes the range of motion and the amount of moving parts.
Also, external factors are considered. The in�uence of temperature, humidity, external interfer-
ence and vibrations.
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2.2.1 Capacitive sensing

In capacitive sensing, a capacitance is measured between two electrodes. The electrode geo-
metry varies based on application. A common example is the parallel-plate capacitor seen in
Figure 2.1. The capacitance is expressed, in approximation, by Equation 2.1. It states that ca-
pacitance is equal to the overlapping area A divided by the distance between the plates d times
a permittivity constant of the dielectric " c.

C Æ
" c A

d
(2.1)

The ability to 3D print conductive polymers allows for the development of parallel-plate ca-
pacitors with a soft dielectric layer [26, 27]. Applying a normal force [23, 26], or increasing a
pressure [27] would compress the dielectric material thus reducing the distance d between the
plates, resulting in a change in capacitance.

Figure 2.1: Schematic of parallel-plate capacitor with dielectric material [1]. On the right its schematic
symbol.

Another example from Oprel [24] utilizes a change in capacitance due to a change in overlap-
ping area of the plates as a result from shear forces (as opposed to changing distance between
them). Fig 2.2 shows the principle of an overlapping area between two electrodes. This is sup-
ported by Equation 2.1 where a change in overlapping area A results in a change in capacitance.
This technique is widely used in micro-electro-mechanical systems (MEMS) [28,29].
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Figure 2.2: Schematic of capacitor with with changing overlapping area [2].

Next, the four aspects with respect to capacitive sensing are described.

Performance Linearity in 3D printed capacitance sensors is shown to be high [30] despite the
non linear behavior in conductive �laments for 3D printing. Non-linearity due to hysteresis
and drift from the materials have limited in�uence on the measurements [5], this takes into ac-
count the assumption of a compressible, isotropic, homogeneous dielectric and deformations
that are much smaller than the electrode dimensions [23].

Design The main characteristics of a design using capacitance sensing are the conductive
structures that have to move relative to each other for the capacitance to change. This means
one part of the conductive structure has to remain unaffected by the excitation while the
other should be free to move to a certain degree (e.g. limited range of motion) [31]. While
designs with both conductive structures moving is possible, it makes interpretation of the sys-
tem harder. Furthermore, 3D printing increases the complexity of designs with parallel-plates
that are horizontal to the printing bed as it will require a bridge between the conductive layers.
The restriction being the limited motion of the dielectric. Another consideration of the design
would be the requirement of shielding to minimize parasitic capacitances and crosstalk [32].
Also, it is vital for the conductive structures to not be able to touch each other as that will short
the circuit and invalidate measurement results, while keeping the distance small as to keep the
capacitance high (as seen from Equation 2.1).

As for the cost, larger area's of conductive �lament like ProtoPasta [33] are more expensive in
material cost [34]. But material cost is minimal compared to the cost of powering the equip-
ment such as the printer, computers, oscilloscopes, work-hours, etc.

Usage Capacitive sensing readout requires a capacitance to digital (CDC) converter to output
a change in voltage. With the equipment that is available at the time of the assignment, in-
terfacing an application setup may signi�cantly increase development time. Work done in the
NIFTy group by [23], using FDC1004EVM CDC and [24] AD7747 CDC [35], respectively achieved
sampling rates of 25 Hz (per channel) and 20 Hz during measurements.

The durability of designs using capacitive sensing increases as the range of motion is gener-
ally low (this is of course dependent on the structure). In this case the plastic deformation is
less likely to occur (plastic deformation changes the characteristics of the sensor as the resting
position changes).

Mechanical dependency First, deformation of a sensor using the capacitance principle dif-
fers by design. As mentioned before, 3D printing parallel plates horizontal to the bed requires
a bridge between the layers. When this bridge is chosen to be a dielectric its deformation is re-
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6 <Control of a system based on a 3D-printed torsion sensor>

stricted to its elastic deformation. In the case of overlapping area, the possibilities are greater.
Different design strategies need to be used to increase the deformation of the sensor.

Secondly, external factors such as temperature and humidity changes have an effect on capacit-
ive sensors. A study from Analog Devices [36] shows that a change in capacitance is observed
when either and both temperature and humidity vary. In both cases the change in capacit-
ance was not well predictable [37]. There can also be electromagnetic interference (EMI) [38],
caused by nearby electronics or conductors. Furthermore, as mentioned before, in order to
reduce parasitic capacitances and crosstalk from external sources, proper shielding is neces-
sary [32].

2.2.2 Piezoresistive sensing

Piezoresistive sensing utilizes the change in resistance in a conductive material as a result of
mechanical stress. This stress results in a change in length, or mechanical strain . Another name
for these type of sensors are strain gauges. Equation 2.2 & 2.3 show that the stress ¾is the ratio
of the applied force F (normal or shear) over the area A. The strain ² , on the other hand, is the
relative change in length L and is the ratio of the stress and the material's Young's modulus E.

¾Æ
F

A
(2.2)

² Æ
¢ L

L0
Æ

¾

E
(2.3)

A measured resistance in a strain gauge increases with tension and decreases with compres-
sion. There is a wide variety of applications such as load-cells, tactile sensors [19], �ow sensors
in area's of aviation (e.g. wing de�ection, wind speed [39]), construction (e.g. structural integ-
rity, critical load bearing) and more [19]. A schematic of a strain gauge is viewed in Fig 2.3. This
typical example of a strain gauge shows the main components. The leads through which a res-
istance is measured, the carrier on which the strain gauge is �xed (mechanical strain is induced
on the carrier). It also shows the common meandering pattern. While this is not necessary, it
increases the surface over which the applied strain is captured (e.g. the same stress is applied
over multiple parts of the length of the gauge, thus increasing the change in resistance).

Figure 2.3: Typical strain gauge where electrical resistance changes in proportion to the applied strain
on the specimen [3].

These gauges are typically glued to the structure at places where strain is to be evaluated. 3D
printing, using conductive �laments, allows for the integration of strain gauges in structures at
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speci�c places of interest. Examples of current research on 3D printed sensors using piezores-
istive sensing are [40] on a 3D printed tactile sensor, [41] on control of a vibrating beam us-
ing stiffness modulation, [42] on multi-axis force sensors using carbon nanotubes and [43] on
highly elastic 3D printed strain sensors.

Performance The main advantages of piezoresistive sensing are the simple rudimentary
readout and a potentially large sensing range. The main disadvantages are nonlinearities and
hysteresis [40] in the piezoresistive behaviour of the conductive material and the relatively
complex and thick designs needed to measure shear stresses using this sensing technique [24].
In order to combat some of these nonlinearities a differential measurement can be made. A dif-
ferential measurement captures the response of two mirrored strain gauges. In an ideal sym-
metric differential the two responses are opposing each other and when subtracted remove
nonlinearities in the response [44].

Design The methodology of a sensor using the strain gauges creates a lot of freedom as they
as not restricted to a certain geometry (there are preferred ones such as the meandering pat-
tern). Because of this, geometries used in mechanical engineering for torque measurements
can be explored [45] [7]. Note that the aforementioned differential measurement requires two
symmetrical and opposing gauges.

As for the cost, larger area's of conductive �lament like ProtoPasta [33] are more expensive in
material cost [34]. But, as with the capacitive sensors, material cost is minimal compared to
the cost of powering the equipment, work-hours, etc.

Usage Strain gauges have a simple readout method requiring just an analog to digital con-
verter (ADC) with the strain gauge in a bridge con�guration [46] to measure the change in res-
istance.

The durability is inherent to the motion the design is meant to make. Smaller motions lower
risk of tearing and breaking. As for the capacitive sensing, staying in the elastic deformation
range improves the durability.

As mentioned before, this sensing principle makes for freedom in design, this increases the
possibilities for implementation of the sensor. Especially with the simple readout method,
compact implementation is possible.

Mechanical dependency The deformation of strain gauge based sensors changes by the
design and application. Traditional strain gauges are typically used in stiff environments (on
metals or concrete). 3D printing creates to possibility for more �exible strain gauges with much
larger deformation range [39] [21].

2.3 Fabrication

The fabrication process used for this work is FFF, an AM technology that deposits molted ther-
moplastic materials though a nozzle on a printing surface (or bed) for it to then solidify and
harden. This creates a layer of material. By printing different layers on top of each other, 3D
objects can be made. Figure 2.4 shows this process.
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8 <Control of a system based on a 3D-printed torsion sensor>

Figure 2.4: Schematic overview of FFF [4]. A nozzle deposits molted material on a surface creating a
layer. In this image the nozzle is stationary and the bed position is controllable. This can also be the
other way around.

Jonkers et al [34] explain that this process is able to print both conductive and insulating ma-
terials that are widely available, all while maintaining a low-cost compared to other processes
such as SLA or selective laser sintering (SLS). Comparing these (SLA & SLS) to FFF makes the
latter seem inferior based on print quality, but this is not the goal. 3D printing offers high
enough accuracy and precision for the application of this research and allows for fast and user
friendly prototyping.

Diabase printer For production of the sensors, the Diabase H-series 3D Printer [47] is used.
This printer is capable of printing with up to 5 different �laments.
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Figure 2.5: The Diabase Engineering H-Series Multi-Material 3D Printer.

The Diabase uses a Direct-drive (Figure 2.6 left) extrusion system in which the extruder is
placed on top of the print head (hot end & nozzle). The printer uses a rotary multi-toolhead
as its �lament switching mechanism (Figure 2.6 right).

Figure 2.6: Left: Direct-drive extrusion method [5]. Right: Rotary multi-toolhead system for �lament
switching [5]
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10 <Control of a system based on a 3D-printed torsion sensor>

Table 2.1: Properties of ABS and PLA [12]

Properties ABS PLA
Tensile Strength 27 MPA 37 MPA

Elongation 3.5% 6%
Flexural Modulus 2.1 GPa 4 GPa

Density 1.0 g
cm3 1.3 g

cm3

Melting Point 200± 173±

Biodegradeable No Yes
Glass Transition Temperature 105± 60±

Structural Material The structural material is a choice between polylactic acid (PLA) and ac-
rylonitrile butadiene styrene (ABS). Both are thermoplastics suitable for 3D printing. Table 2.1
shows the material properties for both.

PLA has usefull properties such as high �exural and tensile strength, making PLA a stiff mater-
ial. It also has a low melting temperature thus making it easier to print [48]. A downside to PLA
is the low glass temperature, it loses most strength at temperatures over 50 degrees [49]. PLA is
a widely used structural material in 3D printing and comes at low cost.

ABS is a less stiff with lower �exural and tensile strengths. It is however, more impact resistant
while being lighter than PLA. It thus is more durable, but at a cost of being harder to print with
since its melting temperature is higher, requiring higher energy consumption [50] and is prone
to warping.

Conductive Material Conductive �lament are type of 3D printing material that are electrically
conductive and can be used to create functional, electrically connected components within a
3D printed object. This material is often made of carbon-�lled plastics

There are several commercially available conductive �laments for FFF [34] [5]. Two materials
were considered. A PLA based conductive polymer Protopasta Electrically Conductive Com-
posite PLA [33] and NinjaTek Eel Flexible Conductive Filament TPU [51].

2.4 Control

In this section it is formulated how the dynamics of the system will be described. The result of
this description will be used to design a controller for the system such that it can be controlled
with an input torque.

2.4.1 Lagrangian Mechanics

The �rst step will be to describe the dynamics of the system. The equations of motion for a
robot joint are:

M (q)q̈ Å C(q, �q) Å g(q) Å h(q, �q) Å ¿ext Æ¿ (2.4)

This Equation 2.4 is a description of the torque in each joint of a robot and will be elaborated
upon later after its derivation. It it derived using the Langrangian L as

L(q, �q) ÆK (q, �q) ¡ P(q) (2.5)

with K being the kinetic energy and P the potential energy in a joint. With the kinetic energy of
the i th link in case of a linear velocity v being
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Ki Æ
1

2
m i v2

i Ki Æ
1

2

p2
i

m i
(2.6)

with mass m i . Or in case of a rotational velocity �µ in link i

Ki Æ
1

2
I i �µ2

i L i ÆI i ¢! i ÆL i ¢�µ Ki Æ
1

2

L2
i

I i
(2.7)

with the inertia of the body being I i . Potential energy P in a link i is the energy held by that
joint from its position and is described as

Pi Æ ¡m i gh. (2.8)

With this description of the Lagrangian the torque of a joint can be described by applying the
Euler-Lagrange equation

d

dt

@L

@�qi
Å

@L

@qi
Æ¿i . (2.9)

Combining Equation 2.9 and 2.5 the initial description of the equations of motion for a robot
can be derived (2.4). This derivation is viewed in [52].

Now that the derivation is explained, Equation 2.4 is elaborated upon.

M (q) 2 Rn£ n is the so called inertia matrix with n-degrees of freedom (DOF) and q 2 Rn the
generalized coordinates of the system. This matrix contains the parts that are linear to the
acceleration. The matrix M (q) is positive de�nite and symmetric with dimensions n £ n.

C(q, �q) are the Coriolis forces acting on the masses, it contains the parts that are dependent on
the velocity.

g(q) the gravitational contributions that are independent of the acceleration and velocity.

h(q, �q) are torques from frictional forces and stiffness. The term ¿ext is the measured external
torques introduced to the system by the environment (in this case measured by the sensor).

In order to compute the matrices of 2.4 listed above, we �rst de�ne some important variables.
First, the pose, it describes the position and orientation of a 1 DOF joint as

Pi Æ

2

4
xi

yi

µi

3

5 (2.10)

for every joint i in a system [53]. From the pose we can compute the velocity vector. This vector
is called the twist of a pose.

T Æ �Pi Æ
@Pi

@q

dq

dt
ÆJi (q) �q. (2.11)

With Ji being the Jacobian of the pose de�ned as

Ji (q) Æ
@Pi

@q
. (2.12)
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Inertia Matrix It is shown that the inertia matrix M (q) is related to the kinetic energy function
by [54] as

K Æ
1

2
�qT M (q) �q. (2.13)

To get to this inertia matrix we express the kinetic energy (Equation 2.6 and 2.7) in a matrix
form for a pose results in the expression

K Æ
1

2
�Pi

T Oi �Pi , (2.14)

where O represents the matrix Oi Æ

2

4
m i 0 0
0 m i 0
0 0 I i

3

5 , containing the masses corresponding

with the pose Pi . Substituting Equation 2.11 in Equation 2.14 yields

K Æ
1

2
Ti

T Oi Ti Æ
1

2
�qT Ji (q)T Oi Ji (q) �q. (2.15)

Using the generalized velocity vector �q. Now Equation 2.13 energy to extract an expression for
the inertia matrix M (q) as

M (q) ÆJi (q)T Oi Ji (q). (2.16)

Coriolis Matrix The Coriolis matrix [53] C(q, �q) has dimensions n £ n and is a function of both
the position q and velocity �q. It is a combination of Coriolis and centrifugal forces. One thing
to note is that when the velocity �q is zero, the matrix result of C(q, �q) becomes zero. Because
the Coriolis matrix depends on velocity.

To compute this Coriolis matrix, the Christoffel symbols of the �rst kind ¡ are used. They can
be related to the inertia matrix [55] by

¡ i j k (q) Æ
1

2

·
@M i j

@qk
Å

@M i k

@q j
¡

@M j k

@qi

¸
(2.17)

where the indices i , j ,k represent the so called connection coef�cients.

The Coriolis matrix can then be computed [55] by

C(q, �q) Æ
X

j
¡ i j k (q) �qk , (2.18)

Gravitational Forces The gravitational torque vector g(q), of dimension n £ 1 is a function of
the current position. It is denoted as

g(q) Æ

2

6
6
6
6
4

¿1

¿2
...

¿n

3

7
7
7
7
5

. (2.19)

Where for each link in the system the gravitational component is calculated depending on the
state q.

<Rogier Heeg> University of Twente



CHAPTER 2. LITERATURE 13

Residual Torques The last term h(q, �q) contains the residual torques, or torques imposed on
the system from other sources. Within this term we will account for any type of friction. There
are several types of friction, [6] explains a commonly used friction model based on three fric-
tional forces (Figure 2.7). The three being, Coulomb friction, static friction (stiction) and vis-
cous friction.

Figure 2.7: Commonly used friction model from [6].

In this work the friction in generalized in the viscous damping. Viscous damping is velocity
dependent on the velocity as seen in Figure 2.7.

2.5 Conclusion

2.5.1 Sensing Principle

Both piezoresistive and capacitive sensing are discussed based of the four aspects of their work-
ings (Performance, Design, Usage, Mechanical Dependency). These aspects were pairwise
weight and ranked. Appendix B contains both the pairwise comparison matrix and the �nal
weight matrix. The results of the ranking matrix is used in Table 2.3. To determine the best
suited option, a weighing is done based on a 5-point scale [24]:

Table 2.2: 5-point scaling.

Symbol Performance Points
++ excellent 2
+ good 1
o satisfactory -
- weak -1
- - inadequate -2

This weighing is multiplied with �nal weights and summed to �nd a utility value for both sens-
ing principles. The highest utility value corresponds with the best suited option [56]. The
weighing is done based on the discussed literature research.

Robotics and Mechatronics <Rogier Heeg>



14 <Control of a system based on a 3D-printed torsion sensor>

Table 2.3: Hierarchical weighing of aspects of sensing principles.

Weight Piezoresistive Capacitive
Performance
Linearity 23% - +
Design
Complexity 14% + o
Cost 3.5% + +
Usage
Readout 21.5% + -
Durability 1.8% o +
Implementation 19,5% + -
Mechanical Dependency
Deformation 9% ++ o
External factors 7% - - ++

Value 0.4 0.02

From Table 2.3 we conclude that the piezoresistive sensing principle is the best suited option
for this research.

2.5.2 Fabrication

Concluding on the materials used in this research the chosen options are PLA for the structural
material and ProtoPasta for the conductive material.

The PLA is chosen based on the lower melting point that is in line with the melting point of
Protopasta. This is meanly to avoid any problems arising from contact between the different
materials when with a high temperature difference (e.g. molten ABS might cause melting of
PLA or ProtoPasta, this might compromise the bonding between both).

The choice of ProtoPasta is done based on the fact that it is PLA based and thus of similar
composition to the structural material. Also, it is stiffer then the NinjaTek and since the PLA
is of similar stiffness makes it logical. Furthermore, research shows a more desirable linear
behavior in ProtoPasta for small deformations.

2.5.3 Control

The dynamics of the system will be described using the Lagrangian and Euler-Lagrange formu-
lation. This will results in a notation to calculate torque for any joint in a system and can be
used to design a controller based on the systems dynamics. The sensor torque will be used to
control the behavior of the system.

<Rogier Heeg> University of Twente



15

3 Design

3.1 Introduction

This chapter introduces the application that is meant to showcase the feasibility of the idea of
a 3D printed torque sensor. This is done by integrating the sensor in a single DOF pendulum
system after which it will be controlled by applying a position control loop on the system. From
this application a list of requirements is made, requirements for both the pendulum and the
setup. An interaction control layer with help of the torque feedback from the sensor can then be
applied. In the following sections both the application, and the control methods are discussed.

Next, the sensor design process is presented. The sensor design is inspired by the work of Lou et
al. [7]. They describe a one-dimensional torque sensor for robot collision detection. It consists
of an outer ring and an inner ring about which a torque is applied. The two rings are connected
by four spokes (beams) that are equally spaced along the geometry, as presented in Figure 3.1.

Figure 3.1: Early sensor design from Lou [7]. With outer and inner ring diameter respectively being
78 mm and 10 mm . Strain gauges are placed on the beams near the inner ring (both sides).

Applying a torque to the sensor will cause a rotation along its central axis (perpendicular to the
sensor). This torque results in a strain of the beams, causing them to deform. To get insight
in the strain and stress, a structural analysis is done. In this chapter beam theory is used to
analyse the beams and optimize the placement and effectiveness of the strain gauges.

3.2 Application

The application for the sensor is chosen to be a 1 DOF single pendulum system with an integ-
rated torque sensor, driven by a stepper motor. The system is chosen to be 1 DOF with one
sensor in order to not over complicate the system. Introducing multiple sensors to the system
would accumulate errors making validation of the system harder. The pendulum is �xed on
the rotating shaft of the stepper motor such that the torque imposed by the motor is isolated
and parasitic forces are minimized (for example a bending force due to the sensor not being
perpendicular to the shaft as per Figure 3.2).
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(a) (b)

Figure 3.2: (a) Well aligned sensor to the motor shaft. (b) Misaligned sensor to motor shaft, induces a
bending motion on the sensor which will in�uence the sensor response.

Figure 3.3 shows a schematic overview of the rigid body pendulum system with its main vari-
ables. Note that the angle µ rotating around point O, when in rest (vertical), is zero. Further-
more, two torques ¿em and ¿ext are denoted. ¿em is the electromagnetic torque induced by the
motor and ¿ext are torques applied to the system from external sources. l com is the length to the
centre of mass of the body with respect to the origin. m represents the mass of the body and g
the gravitational constant.

Figure 3.3: Schematic overview of a rigid body pendulum driven by a stepper motor around o.

3.2.1 Requirements

From this description a list of requirements for both the pendulum and the setup can be con-
structed. The setup requires a rotating actuation of the pendulum, a microcontroller and in
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order to read out the sensor several cables a half-bridge con�gurations is to be constructed (for
a differential measurement to be made). The required components thus consist of the follow-
ing:

• Pendulum

• Stepper motor

• Microcontroller

– Motor controller

– ADC for sensor readout

– Power supply

• Half-bridge con�guration setup

Next, a table with design requirements for the sensor/pendulum is made (Table 3.1). This en-
tails the shape, dimensions, its weight, length and the force range. Quantifying these paramet-
ers helps the design process and de�ne a scope for the design.

Table 3.1: Table of design requirements for sensor design.

Aspect Value Unit
Diameter < 100 mm
Thickness < 7 mm

Weight 60-100 g
No. of Gauges 4 N/A
Peak Torque § 4 Nm

Pendulum Length 250-400 mm

3.2.2 Control

The system as described is this chapter will be position controlled based on a calculated torque
input. At this point a part of the sensor validation can be done by comparing the calculated
input torque to the measured torque (it will feed back a voltage difference that is converted to
a torque, more on that in Chapter 4). This is because the measured torque is a combination of
the electromagnetic torque induced by the motor and any external torques.

The next step is to introduce an interaction control layer to the system. An external torque
threshold is set, with the external torque being the difference between the motor torque and
measured torque. This threshold can represent the result of an interaction with the environ-
ment, be it a bump in with a person, hitting a wall or an object. When this threshold is exceeded
the system immediately halts the position control as long as the threshold is not exceeded (See
Section 5.2.1).

3.3 Structural Analysis

3.3.1 Beam Theory

For insight in the dynamic behavior of the sensor, beam theory is applied to the structure. This
way, strain and stress can be evaluated. The stress in a cross section of a solid beam is denoted
by

¾Æ
My

I
(3.1)
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where M is the applied moment at the point, y the distance perpendicular to the neutral axis at
which to calculate the stress ¾, and I the cross-section area moment of inertia, which changes
with respect to the cross section geometry. The largest stress of a cross section is found at ymax

at the surface. At that point the equation [11] can be rewritten to

¾max Æ
M

Z
(3.2)

With Z Æ I
ymax

being the section modulus of the geometry at the largest distance from the neut-
ral axis. Figure A.1 in Appendix A shows equations for Z for various geometries.

As we are interested purely in stress and strain at the surface of the structure, the equation for
strain [11] " can be simpli�ed to

" max Æ
¾max

E
Æ

M

ZE
(3.3)

With E being the young's modulus of the material. For both Equation 3.2 and 3.3, the maximum
stress (¾max) and strain ( ² max) can be found at Mmax. Note that this Equation 3.3 assumes ho-
mogeneous isotropic materials which 3D printed parts are not which, for this analysis, is as-
sumed.

3.3.2 Analysis

To analyse the structure, a free body diagram (FBD) is made to an equivalent mechanical
model. The case by Lou et al. [7] states that for a rotation for a body with a �xed outer ring,
the equivalent mechanical model is cantilever with one end �xed, and a concentrated moment
on the other end. This implies that the moment diagram shows a continues moment along the
entire length of the beam and a continues bending as pictured in the FBD of this model in Fig-
ure 3.4. Lou argues that when a torque is applied at the outer ring it behaves as a �exure with
an open end that is free to move.

Figure 3.4: Left: FBD of a single free end cantilever with end moment [8]. Middle: Moment diagram of
this equivalent model. Right: Bending diagram with largest deformation at the end point.

We argue that this model is to far a simpli�cation. When a moment is applied to the inner body
with more then one beams attached to it, the inner body will resist free movement and rotates
around its axis and thus will not move as seen in Figure 3.4. This argument is in line with the
expected s-shape bending in the beams as seen in the resulting �nite element method �gures
from Lou [7] in Figure 3.5 where the largest stress is located near the rotating inner ring and
minimal stress at the outer ring.
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Figure 3.5: Finite element method (FEM) results from [7]. Largest stress is concentrated near the inner
ring (red).

With this is mind the equivalent model should include a pinned end about which it can rotate.
This is represented in Figure 3.6.

Figure 3.6: Left: FBD of a single pinned support cantilever [8]. Middle: Moment diagram of this equi-
valent model. Right: Bending diagram that represent an s-shape.

Analyzing this case shows a linearly declining moment over the length of the beam from K
at the end of the beam to ¡ 1

2K at the �xed side. This results in the more expected s-shaped
bending.

3.3.3 Sensor Placement

For Equation 3.3 we conclude that strain gauges should be placed along the area of the largest
moment (assuming Z and E constant) with distribution of strain as evenly as possible. This
ensures a more linear voltage output as result of a torque input [7]. In the case of Figure 3.6 the
maximum strain occurs at the point of the largest moment. This being at the edge of the inner
ring. However, due to limited space at this point, placement of the gauges is hard and the stress
is not evenly distributed. A graph of the stress along the beam is viewed in Figure 3.7.
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Figure 3.7: Stress graph depicted in red with ¾max at length L and bending diagram from 0 Ç x Ç L
depicted in black (exaggerated). With positive stress at the right side where the moment is applied and
negative stress at the �xed side.

In order to maximize effectiveness of a strain gauge, it should be placed in pure tension or
compression region of the beam ( 0 Ç x Ç 1

3L and 1
3L Ç x Ç L being the two regions) as overlap

with tension and compression results in a net zero gain of stress. With the larger stress at the
side of the inner ring, placement of the gauge at that side is optimal. Thus the strain gauge
should be placed in region 1

3L Ç x Ç L.

3.3.4 Stress Optimization

To optimize the effectiveness of the strain gauge further, the strain along its length should be
increased and distributed evenly. As mentioned, a more evenly distributed stress at the position
of the strain gauge is bene�cial. This can be achieved by changing the geometry of the beam
along its length L. Looking at the Equation 3.3, strain is depending on the moment M and
section modulus Z and E. This implied that decreasing Z increases strain ² . The case of Lou et
al. [7] considers a slot in the beam as seen in Figure 3.8.

Figure 3.8: Beams with slots. gray area is the material, white area the removed geometry to decrease
section modulus Z . Top: Model used by Lou et al. [7] to increase strain distribution. Bottom: Simpli�ed
model for analysis where Z has three constant values.

Using this model, the following Z ,M diagram can will be considered (Figure 3.9). Note that the
ratios of M (other then 1 M and ¡ 1

2M ) are not accurate but chosen to illustrate the decaying
moment along the length. For analysis we are interested in the ratio M

Z , which is the highest at
the end point being M

Z1
, from this point moment M decreases linearly to ¡ 1

2M . To optimize the
strain along the length, Z2 should be suf�ciently small to even the strain distribution.
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Figure 3.9: Z ,M graph of the simpli�ed model with three different values of Z .

3.4 Sensor-Cable Interface

3D-printed strain gauges from ProtoPasta provide the conductive structure through which a
resistance can be measured. In order for a measurement to be done, probes or wires have to be
attached to the structure. There are several ways about this problem.

Silver epoxy Silver epoxy [57] (conductive) allows for wires to be connected to surfaces by ap-
plying it to the surface and the wire and letting the epoxy harden with the wire �xed in place,
this process is also referred to as cold soldering. The epoxy is silver based for its high con-
ductivity [34]. Due to the viscosity of the compound, applying it accurately is a challenge and
requires an area larger then the wire that will be attached. Figure 3.10 shows an early iteration
of the sensor with two wires soldered to one of the strain gauges.

Figure 3.10: Silver epoxy connection for the attachment of wires to the strain gauges of an early iteration
of the sensor.

This process allows for placement of wires any place along the beam. One downsides to this
process is the time consumption, as the process is done by hand and requires a full day to cure
at room temperature. The datasheet [57] recommends a heat treatment of 15 minutes at 65 ±

to harden the epoxy, unfortunately the glass transition temperature of PLA is around 60 ± and
is thus not able to be heat treated. Another downside is the durability, as the beam will deform
it will stretch and compress the epoxy connection. This, over time, will lead to tearing and
breaking.

Screwed connections Another way to form a connection between wires and the conductive
surface is the use of a screw with a nut and washer to tighten wires in between. This way a
modular connection to the wires can be made with help of a bolt securing the wires in place
(Figure 3.11). The screw will tap itself into the structure in designated holes that connect to
the strain gauges, creating a strong connection. These holes are placed in a thicker part of the
structure that remains unaffected when torque is applied. Such that loosening over time by
vibration and movement is minimized.
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Figure 3.11: A screw and wire connection on the sensor.

The main advantage is the modularity of the solution. It allows for faster setup time and no
need for designated cables. While this provides a non-permanent solution, it can be prone to
problems such as loose wiring and loosening of screws over time. Connections should thus be
checked before use.

3.5 CAD Model

The computer aided design (CAD) model was created using SolidWorks [58], it has gone
through multiple iterations (Table G) that were printed and evaluated. The resulted model is
viewed in Figure 3.12 (a). The outer ring has a dimension of 78 mm . For more detailed dimen-
sions a technical drawing is viewed in Appendix C.

(a) (b)

Figure 3.12: (a) Final design of the sensor with two sets of strain gauges on opposing sides of a spoke
(left & right spokes). (b) Inner connection of the screw holes to the gauges on the spokes. Green material
is PLA and black the conductive ProtoPasta.

As seen from Figure3.12, two sets of strain gauges are present on each side of the model, a set
being two gauges on opposite side of a spoke. Such that a differential measurement can be
made. The screws are placed in the designated holes (black) on both sides of the sensor (only
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front is shown) which are printed from the same conductive material as the gauges, a detailed
�gure of the strain gauges is viewed in Figure 3.13.

(a)
(b)

Figure 3.13: A detailed look at the strain gauges one one side of the sensor, with screws placed. (a) Shows
the the solid structure. (b) The structure is hidden such that the connection is shown. The gauges loop
from one side of the sensor to the other.

As per Figure 3.13 we see the connection of the strain gauge to the screws, the curved geo-
metry creates a nozzle trajectory without sharp corners. This is done in order to extend the
life expectancy of the gauges, as sharp corners in 3D-printing are prone to breaking and tear-
ing. Also, continues printing lines have a more homogeneous electric conductivity [59]. In the
case of the strain gauges, this would lead to invalid resistance measurements. Furthermore, the
slots that were discussed in section 3.3.4 are present in all spokes. The inner circle contains �ve
holes from which the outer four are used to secure the sensor to the test setup (more on that in
Chapter 4), and the middle one for the output shaft of the actuator. In the outer ring, slots for
nuts and bolts are present for �xing the external components (more on that in Chapter 4).

As mentioned in Chapter 3.2, the �nal design is a 3D-printed pendulum weight with an integ-
rated sensor. The structure is extended to shift the centre of mass (COM) away from the motor
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shaft hole, thus creating a pendulum structure. Figure 3.14 shows the �nal CAD. Notice the
extra structure in the middle of the sensor, this is for fastening to the motor shaft using a grub
screw.

Figure 3.14: Pendulum with integrated sensor design CAD.

Iterations Table 3.2 contains a rough overview of the main iterations of the sensor. The main
changes are brie�y mentioned and reasoned. Appendix G contains visuals of the design itera-
tions.

Table 3.2: Table of design iterations and their main changes.

Version Main Changes
0.1 Circular design with 8 strain gauges on surface of beams.
0.2 Wider holes in slots to increase strain & added holes for �xation.
0.3 First iteration with screw connections on both inner and outer ring on one side

& gauges along the length of the beams.
0.4 New design with inverted slots (hinge design). Design was rejected as strain dis-

tribution would be unpredictable and gauge would require a curve.
0.5 First design with 4 gauges. 1 connection on beam (cold soldered) & 1 on inner

ring (screwed).
0.6 Longer & wider slots for higher deformation and larger strain along the entire

beam.
0.7 Added structure to make space for screw connections on inner ring.
0.8 First iteration with 2 screwed connections. 1 connection on inner ring & one

halfway on beam. Rejected because of unstable structure prone to breaking over
time.

0.9 First design with looping strain gauges with 2 screwed connection. 1 one either
side of the sensor.

0.10 Added structure to make space for screw connections on inner ring.
0.11 Optimized strain gauge geometry.
0.12 Added pendulum structure and motor shaft structure.

3.6 Fabrication

3.6.1 Layering

Previous 3D-printed sensors [41] [40] [5] have their respective strain gauges printed horizont-
ally and layered vertically. Meaning that each layer contains a full loop of the strain gauge from
one connection to the other. This design has its strain gauges printed in the vertical orientation
(each layer contains part of the loop), because this orientation results in a stronger print as the
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stacked layers are (near) equal and no support is needed. To achieve this, the sensor will need
to be printed �at on the printing bed. Figure 3.15 shows the sensor in the Cura Software [60]
environment that is used to create instruction for the 3D printer [47].

(a)

(b)

Figure 3.15: (a) The CURA orientation showing layering direction. (b) Resulting print of the model.

The design with the integrated sensor was printed with the parameters shown in Table 3.3 and
is shown in Figure 3.16.

Table 3.3: Printing parameters

Parameter Value
Layer settings
Layer thickness 200¹ m
Wall line count 3
Top & Bottom layers 4
In�ll 35%
Hotend temperature
PLA 215±C
ProtoPasta 225±C
Heatbed temperature 60 ±C
Printing speeds
Printing speed PLA 60mms ¡ 1

Printing speed PLA 15mms ¡ 1
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