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Abstract—This paper presents the technological advancements 

in the field of flexible magnetic sensors for robotics applications. 
Various magnetic devices (e.g. Hall, GMR, AMR and TMR) have 
been studied and their suitability for flexible application has been 
presented. Further, the system level integration of magnetic 
sensors in robotics is briefly discussed. With rapid development in 
flexible electronics, a robot with multi-functional conformable 
electronic skin will be possible in the foreseeable future. This will 
also open new avenues for a wide range of other applications 
including wearable electronics and interactive electronic-skin for 
robots and prosthesis. 
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I.  INTRODUCTION  
      The integration of magnetic elements into electronic 
devices, often referred to as Magnetoelectronics [1-4], is an 
interesting development that has caught the attention of many 
working in the field of flexible electronics [5-9]. Magnetic 
sensors including Hall effect sensor, giant magnetoresistance 
(GMR) sensor, anisotropic magnetoresistance sensor (AMR) 
sensor, tunnel magnetoresistance (TMR) sensor etc., has been 
studied intensively during the past few years. The ability of 
sensing external magnetic intensity has been applied in many 
fields for application such as contactless switching, magnetic 
anomaly detection and medical/biological application [10]. 
Variety of magnetic sensors have also been used in robotics and 
autonomous systems for tasks such as position monitoring [11], 
human activity recognition and estimation [12, 13], flight 
control of biomimetic robot [14], inspection of the energy 
consumption [15] and error correction in teleoperation system 
[16] etc. 

Studied for past several decades, the magnetic sensors are 
generally rigid and stiff. For example, the most commonly used 
Hall sensor, fabricated by CMOS technology, is around 400 µm 
thick and not flexible. However, the curved surfaces of robotic 
body demand the electronics and sensors to be on flexible and 
conformable surfaces. The flexibility, and sometimes 
stretchability, of a devices and circuits is favourable as it makes 
the movement easy (Fig. 1). With the development of material 
science and nanotechnology, different types of flexible 
magnetic sensors have been demonstrated recently.  

Next generation wearable electronic systems will require 
ultra-thin and flexible devices, body tracking, and relative 
position monitoring systems. Such devices will fulfil the needs 
of robotics, functional medical implants, and imperceptible and 
wearable electronics. Magnetic field sensors offer the 
possibility to sense and respond to external magnetic fields, 
which when integrated into electronic skin will bring new 

novelty to e-skin concept. This paper also introduces a 
technology platform that allows designing and fabrication of 
highly conformable magnetic field sensors. It combines CMOS 
technology with polymeric foils to achieve flexible sensing 
elements. The flexible magnetic sensor will be based on 20-µm 
thin Si chip, embedded in about 50-µm-thick polyimide foils to 
withstand arbitrary deformations without losing functionality. 
It is therefore necessary to investigate the effects of all types of 
stress and consider them in modelling and simulation of 
bendable devices, which is also the novel aspect of this paper. 
The new aspects of this work include flexible magnetic 
microsystem including magnetic sensors and readout CMOS 
circuit interface, investigations into the stress effects due to 
bending of chips, and updating device models based on the 
experimental stress analysis. This paper presents the ultra-thin 
flexible magnetic sensor and a detailed investigation of 
mechanical stress effects induced by twisting on the 
performance of both sub-micron and nanometer scale 
transistors. It also will focus on the recent progress on the 
flexible magnetic sensor and predict its application in robotics 
afterwards. 

II.  MAGNETIC SENSORS METHODOLOGIES 

A. Hall Effect Sensors       
Hall sensor is the most common type for magnetic sensor. The 

mature CMOS technology enables the fabrication of high 
performance magnetic hall sensor in large area and low cost. 

Fig. 1. Different Magnetoelectronics technologies in robotics for precise 
and natural movement, high reliability and durability and safe operation. 



Furthermore, integrating the ultra-thin technology with the 
CMOS based hall sensor, flexibility and conformability can be 
obtained. Here, we first consider the simplest case on the way 
towards the flexible Hall sensor. What will happen if we mount 
the rigid hall sensor onto flexible polymeric substrate? As have 
been studied [17], if a bulk hall sensor mounted onto a 
polyimide film, the total structure can sustain a moderate value 
of bending. In the meantime, the bending will also induce a non-
negligible change to the magnetic sensitivity due to the piezo-
Hall effect. In this case, a compensation of this effect is needed 
during the measurement. Optimum geometry is predicted 
theoretically in this case to offer a guide for future study and 
application. Realizing the Hall sensor fabricating process on top 
of flexible substrate can be another option towards a flexible 
magnetic sensor while the selection of proper active material 
and processing condition are crucial. Recent studies show that 
initial magnetic film deposition temperature, film thickness and 
post annealing process for the film are important towards the 
final device performance on flexible substrate [18]. The flexible 
substrate itself will result to a change in the film morphology as 
well as magnetic crystal structure during fabrication process, 
leading to a non-negligible influence on the magnetic sensing 
properties of the sensor. However, it is already demonstrated 
the possibility to fabricate hall sensor with comparable 
sensitivity as it is on rigid substrate. In the meantime, the 
flexible Hall sensor can be wrapped around the wrist or pointed 
by a finger, opening a big window for its future application on 
bio-monitoring or robotics and autonomous systems control. 

B. AMR Sensors 
      Studies on AMR sensor can be dated back to long time ago. 
This type of sensor works under the mechanism of current value 
dependency on the angle between current direction and 
magnetic field direction. Compared to most common Hall 
sensor, the AMR sensor do not suffer from piezo effect, which 
is favourable for flexible electronics. However, a cross-field 
error needs to be considered in application [19]. Regarding the 
real application, a SET/RESET signal is required before each 
measurement, which is different from all the other magnetic 
sensor type mentioned above. This unique operating procedure 
guarantees the accurate sensing ability under different external 
condition such as large magnetic field or variable temperature. 
        In the way towards flexible magnetic sensor, the 
integration of flexible substrate with thin sensor major part is 

adopted commonly as others. Specifically, technique such as 
embedding sensing nanowire body inside the porous polymer 
film [20] and polymer on silicon technology [21] have been 
used to fabricate the flexible AMR sensor.  

C. GMR Sensors 
      If we neglect the tremendous advantage in the large area 
fabrication in the field of Hall sensor, the GMR sensor almost 
outperforms the tradition Hall sensor in every aspect, such as 
sensitivity, temperature stability and power consumption. The 
mechanism of GMR sensor is from the giant magnetoresistance 
effect. While ferromagnetic material and non-magnetic material 
are stacked together, the current passing through the device will 
have a large dependence on the external magnetic field across 
the whole structure. In a real device for application, the 
ferromagnetic and non-magnetic bilayer is repeated multiple 
times for the purpose of a higher signal response. Up to now, 
flexibility of the device is introduced by fabricating device on 
polymer substrate, similar to the case of Hall sensor. The 
method for depositing active material can be either magnetron 
sputter directly [22] or printing using the GMR sensitive ink 
[23]. In the former case, the resistance change can be as high 
as 57.6% under 0.4 T, a typical value for Co/Cu bilayer 
system on rigid substrate. While in the latter case, although it 
is in the same Co/Cu bilayer system, due to the performance 
degradation from the usage of active material ink, the 
response is around 6% under 2T. The flexibility is achieved 
in both case. The Fig. 2 shows the device under flexed 
condition.  

D. TMR Sensors 
The TMR refers to the phenomenon that in a magnetic tunnel 

junction (MTJ) unit, the tunnelling current through the whole 
structure will have a large dependency on the magnetization 
direction of the two-ferromagnetic layer separated by a thin 
insulating layer, as shown in Fig. 1. This effect was 
discovered in the year 1975 and the relative resistance change 
at that time was around 14% at 4.2K [24]. With the 
development of technology, this value has reached to 604% 
at room temperature [25] and shows great application 
potential.  A better temperature stability, higher sensitivity 
and lower power consumption is expected from the TMR 
sensor, compared with other types. 

 
Fig. 2. Magnetic sensors technology development. 



Despite of these advantages, the realization of flexible 
TMR sensor seems not an easy job. The TMR effect relies on 
the spin dependent tunnelling process of the device. Due to 
the sensitive device structure (the insulating tunnel layer is 
~2nm), the device deformation may lead to an undesirable 
result easily, like a direct current short between the two 
ferromagnetic layers. Therefore, the high surface roughness of 
conventional flexible substrate rules out the possibility of 
fabricating TMR sensor directly on top. One possible solution 
to overcome this barrier, as suggested in a recent report [26], 
is to use an organic buffer layer on top of the flexible 
substrate. Atomic force microscope study shows the flexible 
substrate surface morphology before buffer layer deposition 
has a peak to peak roughness up to 1µm, while after the buffer 
layer deposition this value decreases to 3nm. Furthermore, 
the insulating tunnel barrier remains its insulating electrical 
property after the deformation test, as confirmed by their 
conductive atomic force microscope study. Enabled by the 
addition of buffer layer, large area fabrication of MTJ unit on 
flexible substrate is possible, which can lead to the potential 
application of flexible TMR sensor. 
 

III. FUTURE APPLICATIONS FOR ROBOTICS 
Magnetic sensors are used in a wide range of 

environments for robotics including humanoid robots, 
autonomous vehicles and space robotics. With the advent of 
automation, it becomes increasingly necessary to use 
sophisticated magnetic sensors as components of a control 
system in robots. These magnetic sensors were designed to 
accurately control the machinery through measuring the 
speed, direction etc. For example, recently in the automotive 
industry, autonomous vehicles with high-tech sensory 
systems attracts a lot of attention. The number of magnetic 
sensors in robots are increasing as per their ambient. 
Traditional robotic platforms have simple underlying sensory 
systems which limit their ability to interact with the specific 
environments they are designed for. Robots often encounter 
difficulties operating in unstructured and highly congested 
environments. The sensor’s responsiveness and operation is 
influenced by the environment, for example, the magnetism 
measurements could vary with temperature, which call for 
multi-parameter sensor system integration and communication. 
The wide- operating range of magnetic sensors and the 
harshness of different environments, call for new designs of 
sensors and electronics. For example, magnetic sensors by 
proper material choices and packaging as well as the choice 

of fabrication technology, can suit various robotic functions. 
Towards a conformable and adaptive sensory system in robotics, 
it is important to revisit: (i) materials, (ii) technology, (iii) 
device design, (iv) packaging and (v) system operation.  

Different bending conditions enable different stress 
effects on silicon, i.e. uniaxial, biaxial, or shear stress effects, 
which in turn have a different impact on the carriers’ mobility 
of devices. Another important parameter that affects the 
mobility of carriers is the crystal structure of the silicon 
substrate and the channel orientation of devices on the 
substrate. As the first step towards this goal, flexible magnetic 
sensors (Fig. 3a and Fig. 3b) with simple system integration (Fig. 
3c) are illustrated here [5, 17]. Fig. 3(a) shows the cross-shaped 
Hall sensor under four-point bending (4PB) setup. The sensor 
has been simulated using COMSOL Multiphysics as FEM 
simulator and implemented by Verilog-A in the Cadence 
environment. The Fig. 2 shows the high-sensitive vertical 
CMOS-based Hall sensor with readout circuit, which was 
fabricated using 0.18 µm technology and mounted on a 
flexible substrate. Generally, overcome challenges and 
advance flexible magnetic sensors, will also allow to expand 
the scope of research towards modelling the effect of stress 
and on the performance of magnetic sensors. Fig. 3(c) shows 
the scheme of bendable microsystem including magnetic 
sensors blocks on flexible substrate. The main challenges to 
achieving this are sensor integration, and reliability of 
electronics on flexible substrates. Overcoming these issues, 
will lead to technological innovations, which will allow 
further extend this research towards effective flexible and 
wearable technology.  

With wide range of robotic functions needing variety of 
magnetic sensor specifications for better control and 
monitoring, continuous development in field of sensors for 
robotics is inevitable. The study in new materials, transduction 
mechanism, novel sensing architecture and processing steps 
will together contribute to a multi-functional electronic skin and 
be used in robotic application. 

IV. CONCLUSION 
We have presented diverse technologies of magnetic 

sensors for robotic application. These sensors including Hall, 
AMR, GMR, and TMR for future applications need to be 
flexible. In this regard, it’s important to consider various 
aspects of the materials, technology, device design, 
packaging and system operation for high performance 
sensing response. The magnetic sensors on flexible substrate 

 
Fig. 3: (a) Horizontal magnetic Hall sensor in a four-point-bending (4PB) setup, (b) the VHS chip mounted on a PVC foil, (c) a schematic representation of 

random access memory (RAM) that is constructed of arrays of GMR which can be used for large area electronics. 

 



will open new avenues for a wide range of applications 
including wearable electronics and interactive electronic-skin 
for robots and prosthesis.  

As for the future work, we will perform simulation and 
experimental investigations of ultra-thin magnetic sensors 
during static and dynamic bending, for different in-plane 
orientations of the sensor and stress application directions. 
Moreover, the modelling of magnetic sensors under bending 
stress will be extended for AC investigations. The effects of 
biaxial and shear stress on the sensor’s performance will be 
also considered. 
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