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Abstract: Sensing pressure at the physical interface between the robot and the human has important1

implications for wearable robots. On the one hand, monitoring pressure distribution can give valuable2

benefits on the aspects of comfortability and safety of such devices. And on the other hand, they3

can be used as a rich sensory input to high level interaction controllers. A problem, however, is4

that the commercial availability of this technology is mostly limited to either low-cost solutions5

with poor performance or expensive options, limiting the possibilities for iterative designs. As6

an alternative, we present in this manuscript a 3D printed flexible capacitive pressure sensor that7

allows seamless integration for wearable robotic applications. The sensors are manufactured using8

additive manufacturing techniques, which provides benefits in terms of versatility of design and9

implementation. In this study a characterization of the 3D printed sensors in a test-bench is presented10

after which the sensors are integrated in an upper arm interface. A human-in-the-loop calibration of11

the sensors is then shown, allowing to estimate the external force and pressure distribution that is12

acting on the upper arm of seven human subjects while performing a dynamic task. Validation of13

the method is achieved by means of a collaborative robot for precise force interaction measurements.14

The results indicate that the proposed sensors are a potential solution for further implementation in15

human-robot interfaces.16

Keywords: Wearable Robotics; Safety in HRI; Soft sensors17

1. Introduction18

Exoskeletons are designed to assist, augment or restore human physical functions by physically19

interacting with them. In that perspective, robotic assistance can be seen as flow of mechanical power to20

and from the robot to the musculoskeletal system. This power transfer is mediated through mechanical21

and sensory components which are the Physical Human Robot interfaces (PHRi).22

Since exoskeletons work closely to the human body, safety and comfort is a critical aspect. And yet the23

physical interaction between patients and rehabilitation robotics has been associated with a number of24

adverse events [1]. He et al. published a review on the major and minor injuries that were reported in25

literature involving the use of lower limb powered exoskeletons [2]. Skin and soft tissue injury is the26

most frequent type of wound, happening with all devices in the report (Ekso, Rex, Ekso and Hal) and27

is repetitive, occurring to several subjects in the same study. As the authors state, many of the studies28

were able to prevent injuries by adding padding. In order to define effective injury-preventing designs,29

it would therefore be interesting to collect information on the sustained wounds, e.g. pressure acting30

on the soft tissues. However, it is difficult to summarize any pattern of skin and tissue damages given31
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the information available and the lack of sensors in padded braces that could monitor forces at the32

physical interface.33

In order to avoid these events and promote a safe deployment of collaborative and rehabilitation34

robots, methods are required to assess the physical human-robot interactions. In that regard three35

approaches are reported in literature.36

37

The first approach is to measure the torques that are generated at the joint level to compute the38

torque transferred to the user through the physical interface. The interaction torque can be used to39

compute how loads are transferred to the user by implementing a model of their connection and40

interaction. This model is notably complex to obtain since it involves interactions between soft tissues41

and the components of the interface (orthotic shell, straps, padding, etc). Moreover, when straps42

are used to connect the user to the device, which is the case in most upper limb [3] and lower limb43

exoskeletons [4], the forces distributed on the strap may compensate each other and not result in a44

measurable force at the connection point, while effectively loading the user’s skin. This is the case45

when the belt is fastened, and consequently applies a preloading pressure to the limb.46

47

A second approach is to directly place a load cell sensor at the attachment level to measure the48

interaction force [5]. This removes the need of an accurate model of the robot but still requires a49

model of the interaction between the soft tissues and the interface to compute pressure distribution.50

Additionally, load cells cannot be used when the interaction between the user’s limb and the robot link51

is not mediated by a finite number of attachments, but by a distributed area. Pressure distribution can52

be useful, being directly related with the safety and comfort felt by the user during the robot operation53

[6], [7].54

55

The two previous approaches are single point force measurements. The third approach is the56

distributed approach, which allows to measure the pressure applied on the human skin. Since pressure57

is critical to ensure safety and comfort, studies have included the integration of pressure sensing58

devices into exoskeletons. Different technologies have been integrated into interfaces.59

The most common approach is the use of Force Sensitive Resistors (FSR) [8],[9],[10],[11]. FSRs60

offer the advantage of very thin (polymer film) construction together with high spatial resolution.61

However, FSRs are known to suffer from a number of drawbacks relating to the cell-to-cell variability,62

considerable hysteresis, sensitivity to shear loading, sensing threshold, temperature sensitivity,63

sensitivity to bending, contact resistance, creep behaviour and alterations in response properties64

with prolonged use. Strategies to compensate for some of these effects are reported in literature [12].65

Commercial devices based on this technology exist, but offer limited versatility in terms of shape and66

dimensions of the sensor which leads researchers to develop customized solutions [13],[14]. Others67

have integrated pneumatic padding for sensing of physical interaction and shown promising results68

[15],[16],[17]. Lenzi et al. have proposed pressure sensors based on an optoelectronic circuit [18]. The69

pressure acting on the sensor deviates a light beam which creates a potential difference. While the70

two latter solutions offer promising results in terms of accuracy and linearity of the sensor output, an71

alternative is proposed with a key benefit.72

73

The additive manufacturing research field has developed techniques for the development of soft74

capacitive pressure sensors [19],[20],[21]. To the authors’ knowledge, none of these sensors have been75

integrated into an exoskeleton. The key benefit of 3D printed sensors in the field of wearable robots is76

the opportunity to customize the solution to the application and to the individual [22].77

78

In this manuscript we demonstrate a novel interface for a wearable robot with embedded flexible79

pressure sensors. We demonstrated it here specifically for an upper arm interface, shown in Fig.1,80

but the concept can be expanded to other applications as well. The presented pressure sensors81
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are fabricated using flexible conductive filaments printed with commercially available 3D printers.82

Hereby, the goal is to allow seamless integration of sensing solutions to physical interfaces of wearable83

robots. Similarly to [20] and [21], the concept of the capacitive pressure sensor relies on a parallel84

plate structure. The read-out electronics proposed in this manuscript are cost-efficient and will allow85

other researchers to reproduce the results presented here. The sensor response is characterized in86

a test-bench under different loads and conditions. Additionally, a human-in-the-loop calibration is87

performed using a torque controlled robot, wherein the sensor output is calibrated while participants88

are wearing the interface. This is an important step since it is commonly accepted that biological tissue89

compliance, curvature and temperature affect sensor readings [23].90

91

The manuscript is structured as follows. In the first section of the manuscript we present the92

design of the sensor with an emphasis on modelling and the constraints that should be considered in93

the specific application of an upper arm interface for exoskeletons. Following, the fabrication process94

is detailed as well as the reading-circuit for the capacitive sensors. After which, in Section 2.5, the95

characterization method and the results of the sensor in a test-bench are detailed. Subsequently the96

method of the human-in-the-loop calibration of the sensor, i.e. while worn by human subjects, is97

presented in Section 2.6. All the results of the test-bench experiments and the human-in-the-loop98

calibration are discussed in Section 4 and the conclusions are presented in Section 5.99

Figure 1. The sensorized shell consists of a 3D printed shell with four pressure sensors.



Version February 27, 2021 submitted to Sensors 4 of 17

Figure 2. The flexible pressure sensors described in this work measure the change of capacitance in
between two flexible conductors (ETPU). The change in capacitance arises due to the fact that the
material is flexible and therefore will be easily deformed when a force is applied.

2. Methods100

2.1. Design of flexible capacitive pressure sensor101

Our focus being the application of distributed force sensing to the monitoring of human-robot102

interaction at the upper-arm level, we developed a distributed soft force sensor based upon previous103

work of Schouten et al. [20]. The pressure sensors described in this work measure the change of104

capacitance in between two flexible conductors, see Fig. 2. The change in capacitance arises due to the105

fact that the material is flexible and therefore will be easily deformed when a force is applied. Since the106

distance between the plates is much smaller than the dimensions of the electrodes (36 mm x 28 mm107

versus 1.5 mm), the capacitance can be calculated using the parallel plate approximation:108

C =
εrε0 A

d
(1)

with A being the area of the overlap between the plates, d being the distance between the plates,109

εr being the relative permittivity of air and ε0 being the permittivity of vacuum. As shown in Fig. 2 an110

air gap was introduced between the plates in order to increase the deflection, which in turn increases111

the change in capacitance for a given load. The deflection of such a plate is modelled using Kirchhoff’s112

theory of deflection for thin rectangular plates in Matlab®. The outcomes of the deflection equations113

are shown in Fig. 3 which was calculated with the dimensions shown in Fig. 2 with a Young’s modulus114

of 26 MPa and a Poisson’s ratio of 0.5. The maximal deflection is when the two plates are pressed115

against each other and only separated by an insulation layer of 0.1 mm.116

The deflection of the plate is combined with Eq.1 to calculate the total capacitance of the sensor in117

the following manner:118

CT = εrε0

∫
A

dA
d

(2)

The dimensions of the sensor were based on the application and the following constraints it119

imposes:120

• Number of sensing elements121

A complex aspect of capacitive pressure sensor design is the read-out electronic circuit.122

As detailed in Section 2.3 the complexity of the read-out circuit was reduced to a single123

microcontroller with a minimal spatial footprint, which is easy to integrate and merge to iterative124

designs. However, the presented simplified read-out electronics result in a limit of four sensing125

elements. The read-out electronics are detailed in Section 2.3 and the limitations are discussed in126
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Figure 3. Finite element analysis of the pressure sensor for typical loads inside the interface. Note the
stagnating deflection for loads above 10 N.

Section 4.127

128

• Area of the sensor129

The sensor is to be integrated in a cuff, shown in Fig. 1. The objective is to maximize the sensing130

area and avoid losing information by having the soft tissues interact with non-sensorized area.131

A smaller sensor increases the spatial resolution of the measurement but increases read-out132

complexity. On the other hand, a large sensor will inevitably bend to fit the interface, which133

changes the response of the sensor. Additionally, increasing the area can lead to varying load134

distribution on the sensor plate, and thus result in unpredictable response. To fit the specific cuff135

for this application the width is fixed to 28 mm and the length to 36 mm. To limit the scope of136

the study, the sensing elements are placed along the center-line of the interface, which means137

pressure distribution is only measured along the length of the arm.138

139

• Desired force range measurement140

Results from studies on pain pressure thresholds indicate that circumferential compression141

becomes painful at ∼ 20-27 kPa [6]. Therefore, it is our objective to develop a sensor that can142

measure reliably in the range 0 − 25 kPa. If we consider a sensing area of 10 cm2, the maximal143

force to measure is 25 N.144

The aforementioned constraints lead to the design parameters shown in Fig. 2. The output of145

Eq.2 for the presented parameters is compared to experimental data and shown in Fig. 4. In this initial146

experiment the sensor pad is loaded until 25 N at a compression rate of 0.45 mm
s . The methods on how147

this data is captured is detailed in Subsection 2.5.148

2.2. Fabrication149

A Fused-Fabrication-Filament (FFF) printer (Toolchanger, E3D) was used to fabricate the sensor.150

The sensor is composed of two flexible thermoplastic polyurethane materials; a non-conductive151

filament (TPU-95A, Ultimaker) is used to print the substrate and encapsulant, and a conductive152

filament (PI ETPU, Palmiga) is used to print the capacitive plates.153

The fabrication steps are depicted in Fig. 5. The sensor consists of two separately printed sides. After154

completion of the printing process, both sides are joined using double-sided tape. Printing the two155

sides separately eliminates the need of support material to create the air gap. The air gap creates a156
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Figure 4. The dimensions of the sensor are determined based on a theoretical model of the sensor. The
region of interest for the application is to measure forces ranging from 0 to 25N. In this range the model
is able to accurately predict the response of the sensor. The capacitance response of the sensor is based
on the deflection of the plates which is modelled using a finite element analysis. In Subsection 2.5 the
methods on how this data is obtained is detailed.

more flexible structure and thus a more sensitive pressure sensor.157

Stray capacitances are an important problem when considering wearable electronics. To cope with158

stray capacitance, the entire sensor is shielded in an aluminium foil. The foil is folded around the159

plates, and a cavity is cut in the foil to house a microcontroller unit (MCU). The folded foil is joined160

with electrical tape.161

A commercially available MCU (Xiao, Seeeduino) is placed as close to the sensing areas as possible, to162

limit electromagnetic interference. The entire composition is encapsulated in a stretchable polyester163

fabric to isolate the sensor and achieve comfortable contact with the skin.164

Figure 5. The sensor is composed of two flexible thermoplastic polyurethane materials; a
non-conductive TPU filament (1) is used to print the substrate and encapsulant, and a conductive
TPU filament (2) is used to print the capacitive plates. The sensor is assembled, shielded (3) and
encapsulated in a stretchable fabric (5) to be implemented in a physical interface. A microcontroller
unit (4) is integrated to measure capacitance.
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2.3. Read-out electronics165

The study is composed of two separate methods. First, a characterization process is performed in166

a test-bench. This process is performed to analyze the response of the sensor under different loading167

conditions. However, once such a sensor is placed inside an interface many factors will influence its168

response. These are discussed in Section 2.5. Therefore in the second method, a human-in-the-loop169

calibration method (i.e. while wearing the interface) is introduced in Section 2.6.170

171

For the test-bench characterization the capacitance is measured with an LCR-meter (Keysight,172

E4980AL). For the human-in-the-loop calibration, to make the sensorized interface portable, the173

capacitance is measured with a MCU. In [20] it was shown how an electronic circuit and a MCU174

can achieve accurate capacitance readings. Additionally, in [24] a strategy is explained to measure175

capacitance using a single MCU. This exact same strategy was implemented here. In short, capacitance176

can be measured with a MCU by measuring the charging-and-recharging cycle time of the capacitors.177

A reference capacitor on the MCU maps the charging time to actual capacitance values. The MCU is178

Cortex M0 (SAMD21G18)-based and is commercially available on a PCB with a small form factor. As179

shown below, the sensorized interface is comprised of four pressure sensors, for which two MCU’s180

are implemented, one per pair. Each microcontroller communicates through a serial communication181

protocol with a PC running Matlab®. In this manner a sampling rate of 12 Hz is achieved.182

2.4. Interface implementation183

Once characterized the sensors are integrated to the interface as previously shown in Fig. 1.184

The interface consists of a rigid shell which is 3D printed in polylactic acid (PLA). The sensors are185

joined to the inside of the interface which integrates a housing for the MCU and clearance for cabling.186

The unsensorized areas of the shell are padded with a low density polyethylene foam (LD33). The187

dimensions of the shell were defined such that it would fit a wide range of participants. The shell188

has integrated buckles to fit elastic straps with hook-and-loop fasteners. Four pressure sensors were189

integrated along the center-line of the shell in a symmetrical disposition. Two sensors were placed190

on the edges of the interface, which are expected to be the regions with the highest pressure values,191

and two at the center of the shell. When placed inside the shell the sensors are slightly bent, due to192

the curvature radius of the shell. The position of the sensors is such that virtually all the interacting193

surface between the arm and the cuff is sensorized, i.e. all contact forces between the interface and the194

participant are measured by the sensors.195

2.5. Test-bench characterization196

Before integrating the sensors in the interface and perform human-in-the-loop calibration,197

the sensor is characterized in a custom-made test-bench. The test-bench is composed of a198

linear actuator consisting of a ball screw and a stepper motor onto which a loadcell (Futek,199

LSB200) and an indenter are coupled. The conductive plates of the sensor are connected to the200

Kelvin clamps of an LCR-meter (Keysight, E4980AL). A Raspberry Pi controls the force applied onto201

the pressure sensor and collects all the measurements of forces and capacitances during the experiment.202

203

The initial experiment to validate the theoretical model described in Subsection 2.1 are performed204

in the presented test-bench. The sensor was printed and loaded once, with a linearly varying force205

ranging from 0 to 25N at a compression rate of 0.45 mm
s . The sensor is loaded only once to reduce the206

Mullins effect, i.e. the dependency of the response of rubbers on the maximum loading previously207

encountered. The following experiments were subsequently undertaken;208

a) Step input: foam vs. no-foam.209

A static experiment is performed to define the effects of adding foam on top of the sensor. Foam210

is placed on top of the sensor for two reasons. First, it distributes the loads more evenly on the211
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capacitive plate. Second, it ensures the soft tissues interact with the interface through sensorized212

areas. If the sensors are too flat, the soft tissues can bend around the sensor and interact with213

non sensorized areas. This results in a reduced amplitude of the sensor reading and in loss214

of information. The deformation mechanisms of this foam, such as densification [25], affect215

the response of the sensor. Three static loads (1 kg, 2 kg, 3 kg) are placed on the sensor. Two216

conditions are assessed: no foam vs. low density (LD33) polyethylene foam (3 mm thickness).217

The loads are placed onto the sensor in a step-like fashion.218

219

b) Frequency dependence.220

A cyclic experiment to assess the dependency of the sensor response to three different input221

frequencies (0.1 Hz, 1 Hz and 2 Hz) in the range of interest for the considered application222

(10 − 25 N) during 10 cycles each.223

224

c) Inter-sensor variability.225

A cyclic experiment to assess the variability across the four sensors that are integrated in the226

interface. The four sensors were printed with identical printing parameters and on the same day,227

using the same filaments, on the same printer.228

229

d) Cyclic high load input.230

A cyclic experiment to explore the wide sensing range of the sensor, the hysteresis that is231

exhibited and the drift in a dynamic setup. The cyclic load is applied at a rate of 0.1 Hz at a232

maximal amplitude of 85 N during 200 cycles.233

234

e) Indentation location.235

A spherical indenter with a diameter of 10 mm is placed at three different locations of the sensor236

pad: the center, the bottom extremity (13 mm from the center) and the side extremity (9 mm237

from the center). A cyclic load is applied at a rate of 0.1 Hz at a maximal amplitude of 55 N238

during 15 cycles.239

240

f) Repeatability.241

A single sensor is repeatedly loaded with an identical load. The sensor is loaded at an amplitude242

of 10 N during 30 s, after which the sensor is left untouched for 90 s. The sequence is repeated243

four times.244

245

The results of these experiments are reported in Section 3.246

2.6. Human-in-the-loop calibration247

An experiment is presented where seven human subjects are performing interactions with the248

sensorized interface shown previously. The interface is coupled to a torque controlled robot (Franka249

Panda, Franka Emika). The cobot has 7 degrees-of-freedom with a torque sensor in each joint allowing250

force and torque to be measured in all directions at the end-effector. The cobot also allows forces251

to be generated at the end-effector by controlling joint positions and torques. This allows a direct252

comparison between the forces measured at the end-effector and the capacitance measurements of the253

sensors.254

As illustrated in Fig. 6, the sum of all pressure readings of the sensors should equal the external255

forces measured at the end-effector. This is true if we assume the entire area of the soft tissues are256

interacting through the sensors, i.e. that no information is lost. The area over which the arm interacts257

with the sensor is assumed to be constant and equal to the sensing area for all sensors. Hereby, pressure258

measurements can be converted to force measurements. To validate this, the following experimental259

protocol is proposed.260
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Figure 6. An experiment is designed to calibrate the sensors while the participants are wearing the
sensorized interface. Participants are asked to lift a jerrycan up and down, at a self selected speed. The
pressure readings are compared to the external forces acting on the end-effector to calibrate the sensors.

The hypothesis of this experiment is to prove there are a set of parameters that we can assign to
the output of the sensors for which a linear relationship exists between the sum of the forces measured
by the pressure sensors and the force measured at the end-effector. This set of parameters should give
accurate results regardless of the anatomy of participants and regardless of the position of the arm
relative to the interface, such that;

Fext = a(
4

∑
i=1

Fi) + b (3)

with Fext being the force measured at the end-effector, Fi being the individual force measurements261

of the four pressure sensors, a being a dimensionless conversion unit, and b being the pre-load of the262

interface to the arm in N. This pre-load is determined at the start of the experiment during the static263

calibration procedure.264

265

Seven subjects are asked to don the sensorized cuff (which is coupled to the cobot) and are266

asked to do a lifting task. The lifting task comprises a table onto which a jerrycan with a mass of267

1.5 kg, which is initially placed on a table. The participant is asked to lift the can above his/her268

head, up to an indicated level (indicated by means of a line drawn onto a panel) after which269

they can lower the load back onto the table. This lifting motion is repeated in a loop until one270

minute has passed. The speed at which the load is lifted is self-selected by the subject. Before the271

experiment a static calibration procedure to measure the initial strapping pressure or pre-load is272

performed. The participant is asked to don the interface and stay immobilized for ten seconds. The273

pressure readings obtained during that time are averaged and this values is subsequently subtracted274

from the future readings. The subjects can adjust the tension in the straps before the start of the275

experiment to ensure a comfortable fit. The tension in the straps is not adjusted at any time during276

the experiment. Markings on the ground ensure that the participants’ resting position relative to the277

robot remains similar across users. Consent to the experiment was given prior to the experiment278

by all participants. All human subject studies were approved by the Ethical Commission of the UZ279

Brussel (B.U.N.143201942279) and the participants gave informed written consent prior to participation.280

281

The cobot is programmed to provide a force assisting the lifting motion in a similar fashion a282

passive upper-body exoskeleton would. This is achieved by means of a joint impedance control with283

the following parameters expressed in Nm
rad ;284

k1 = 3000; k2 = 30; k3 = 3000; k4 = 30; k5 = 3000; k6 = 3000; k7 = 0.01; (4)
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This joint impedance control results in the end-effector of the robot being constrained in the285

xz-plane, as shown in Fig. 6. The initial position of the robot is set at the highest lifting position of the286

subject. As such the user only experiences forces that are directing upwards, i.e. a force that assists the287

user in lifting the arm and provides resistance when lowering the arms. This force is proportional to288

the angle of the robot joints, where the highest force is exerted at the lowest arm position and the289

lowest force at the highest arm position. This force is different for each subject since the initial position290

is adjusted for the height of the subject.291

292

The position of the end-effector and the forces acting on it are recorded at 1 kHz by the supplied293

electronics of the robot. The pressure readings are recorded on a separate computer at an average294

sampling rate of 12 Hz. For each subject, three trials are performed, from which only the third is295

recorded. This is to compensate for the densification effects induced by the foam and polyurethane of296

the sensors.297

298

The outcome in force and position of the end-effector for each subject is shown in Fig. 10a and299

Fig. 10b.300

3. Results301

3.1. Results Test-bench characterization302
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(a) Effects of adding foam on top of the sensor to improve
uniformity of applied loads. Three loads (1 kg, 2 kg and
3 kg) are placed onto the sensor.
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Figure 7. Test-bench characterization results (a): Adding foam on top of the sensor affects the
response of the sensor significantly since the load is more evenly distributed on the plate. No strong
frequency-dependency of the response is observed.

3.1.1. Effect of foam303

There are mainly two effects observed in Fig. 7a. The first effect is that the addition of polyethylene304

foam results in a higher capacitance change across the loads. The difference in capacitance between305

the 10 N static load and the 30 N static load results in a change of capacitance of 24.8 pF, compared to306

only 3.7 pF without foam. This is due to the fact that the foam distributes the load more evenly. Since307

the indenter is a rigid plate, with the same area as the conductive plate, when a load is applied the308

upper plate of the sensor is more loaded onto the sides of the plates, effectively loading the top plate309

in shear. This results in smaller deflections of the top plate of the sensor. A second observation is that310

the dynamics of the foam play an important role in the deflection of the plates. The response time of311

the sensor is significantly longer due to the creep behaviour of the foam. The computed response time312

is 0.58 s in the no-foam condition compared to 1.26 s for the foam condition, for a load of 10 N.313
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Figure 8. Test-bench characterization results (b): The four printed sensors exhibit negligible differences
in response. On cyclic experiment the drift of the sensor can be observed. After 100 cycles the drift
settles.
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Figure 9. Test-bench characterization results (c): The response of the sensor when subjected to loads at
different locations and the repeatability of the sensor is assessed.

3.1.2. Effect of frequency314

The sensor is assessed under three periodic loads at a frequency of 0.1 Hz, 1 Hz and 2 Hz, with a315

force amplitude ranging from 10-25 N which is assumed to be the region of interest. The results shown316

in Fig. 7b are the first 10 cycles. No strong frequency-dependency of the response is observed.317

3.1.3. Inter-sensor variability318

Four sensors are loaded under the same conditions, i.e. a periodic load of 0.1 Hz in the force319

range that is of interest for the application. The four sensors exhibit negligible differences in response,320

although an offset in capacitance is observed. These offset differences are likely due to the fact that321

filament properties can vary significantly.322

3.1.4. Wide range loading, hysteresis & dynamic drift323

The sensor is loaded under a wide force range at a frequency of 0.1 Hz and exhibits significant324

drift. Interestingly, in the first 50 cycles an important drift can be observed which settles by the 100th
325

cycle. This drift is directly relate to the results shown in Fig. 7a and is due to the creep behaviour of the326

foam. This creep behaviour results in drift of the sensor and imposes limitations in terms of pressure327

reading. The hysteresis error is 15.56 % and calculated considering the maximum difference in sensor328
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output during loading and unloading over all cycles and expressed as a percentage of the working329

range, as indicated in equation 5330

Hysteresis error = max
Fmeasured,load − Fmeasured,unload

Fmeasured,max
· 100 (5)

3.1.5. Location of indentation331

A single sensor pad is indented with a spherical indenter at three different locations: the center of332

the pad, the bottom extremity (13 mm from the center) and the side extremity (9 mm from the center).333

A difference in response is measured, at peak force the absolute capacitance is measured to be 2.57 pF,334

2.35 pF and 2.30 pF respectively.335

3.1.6. Repeatability336

The maximal difference across the four trials is 1.07 pF, computed at the 1 s mark shown in Fig.337

9b.338

3.2. Results: human-in-the-loop calibration339

3.2.1. Position and forces of robot340
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(a) Average motion for each participant of the
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Figure 10. Human-in-the-loop calibration results (a): Motion and forces measured at the end-effector.
The trajectories and forces vary significantly across subjects.

Each participant repeated the lifting task during 60 seconds. The motion trajectories shown341

in Fig. 10a are the average trajectories across all repetitions. Each participant performs a unique342

trajectory, with clear differences that can be explained by the arm length and height of the participant.343

The differences in trajectory result in different forces acting on the participants, since the robot is344

programmed to perform joint impedances. The highest average force across all repetitions attains 55 N.345

3.2.2. Prediction accuracy346

Firstly, in Fig. 11 the prediction accuracy is presented, where the ordinate is the total force347

estimated by the pressure sensors, as per equation 3, and the abscissa is the actual force measured by348

the cobot. The y = x line indicates the ideal case where the estimation equals the actual measurement.349

The R2-value is calculated to be 90.97%. Secondly, the histogram of the prediction errors is shown. The350

residuals indicate a standard deviation on the measurement of force of 4.1 N.351
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Figure 11. The calibration of the sensors results in a predicted force that matches the actual force
with R2-value of 90.97% across all participants. The standard deviation of the residuals between the
predicted force and the actual force is 4.1 N.

3.2.3. Pressure distribution352

In Fig. 12 the pressure readings of each pressure sensor during the entire motion is shown. The353

highest pressure across all participants is measured by sensor 1 and sensor 4, which suggests that the354

arm interacts more with the edges of the interface than with the center, as previously noted by [9].355

4. Discussion356

Pressure sensing at the interface level is known to be an important source of information with357

regard to safety and comfort of wearable sensors. The geometry and compliance of physical interfaces358

between humans and machines can be based on data from pressure measurements, resulting in359

so-called data-driven designs. However, integrating pressure sensors into these systems is costly if360

achieved through commercial sensory apparatuses. Moreover, commercial sensors limit the potential361

for iterative or generative designs. On the other hand, low-cost solutions exist but integration is362

complex and response can be difficult to model and predict. Calibration of these systems is usually363

performed on test-benches which do not always represent the interaction with soft tissues accurately.364

Perhaps this is one of the major reasons why we have not seen the integration of more pressure365

sensing systems in exoskeletons. In this manuscript we propose the design of such a low-cost solution366

and show how human-in-the-loop calibration of the sensor can be performed by using a robotic367

manipulator. The sensors were characterized in a test-bench a priori to assess the repeatability of the368

sensors and to assess the range of forces and frequencies that can potentially deliver conclusive data.369

However, in this characterization process it was shown how changing the properties of the interaction370

material (i.e. foam), changes the response of the sensor. The dynamics of the foam have to be taken371

into account when using such sensors. By extension, the soft tissues interacting with the sensors are372

going to influence the response, therefore, as noted before in [23], it is imperative for the sake of correct373

calibration to emulate the interaction with soft tissues as closely as possible, or better yet, perform a374

human-in-the-loop calibration.375

376

No strong frequency-dependency of the response is observed across the ranges of frequencies377

that were analyzed. Since participants are performing a periodic task, i.e. lifting a mass up and down,378

the impact of the drift shown in Fig. 7a is less of a problem than if the participants were to take breaks379
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Figure 12. The pressure readings of each pressure sensor during the entire motion is shown. The
pressure values shown are the average values across all participants. The error bars show one standard
deviation around the mean pressure value.

or perform experiments on a much longer time scale. In that case strategies to limit the effects of drift380

and long response time can be undertaken. In that endeavour works such as [12] can be a source of381

inspiration.382

However, the important aspect illustrated with this experiment is that current collaborative robot383

technology allows for human-in-the-loop calibration processes which can be beneficial to cope with384

the complexity of modelling soft tissue behaviour. Even though the mechanical properties soft tissue is385

an active field of research, it is mostly focussed on medical and surgical aspects, which is not directly386

applicable to exoskeletons and wearable robots in general [6]. Additionally, the differences across387

individuals are significant, and have been shown to be related to age, sex, anatomical location [26],388

as well as skin condition such as the grade of scarring [27]. This leads to the idea that a general389

model can only be of limited use and thus an individual or customized process might be inevitable for390

applications where optimal comfort and/or safety is desired.391
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On a related aspect, safe and comfortable pressure ranges that can be applied onto humans are yet392

to be defined [8]. An important obstacle in that regard is the fact that scientist do not have the tools to393

quantify and document issues related to discomfort. In [17] a method is described that demonstrated394

the effects of applied pressure on comfort perceived by users wearing an upper arm interface. Skin395

related issues are often considered minor during clinical issues, since they can often be compensated396

by adding padding or adjusting the straps [2]. However, a pressure monitoring system would allow397

to quantify these issues and provide valuable information to exoskeleton designers to improve the398

comfort level while wearing these devices. This is important since the discomfort that is associated399

with wearing these devices is still a major barrier for a wide adoption of the technology [28].400

While the sensor developed in this study provides a potential solution for further investigations,401

it is limited in the fact that only normal pressure can be measured. This is important since, shear forces402

have been found to have a larger influence on e.g. pressure ulcers than normal forces [29]. Especially403

since it it was shown that a major part of people who experienced a spinal cord injury cope with404

pressure injuries during their lifetime with dramatic changes in their skin structures that are likely to405

break down with a minimal amount of shear [30].406

In terms of performance, we found similar results to the one reported in [15] where the difference407

between measurements with the pressure sensor and the loadcell are ranging from 4.31 to 9.63 %408

across three users. In [31] an absolute error between 0.84 to 2.83 N per sensing pad is reported for four409

subjects. This was obtained with static loads with amplitudes going up to 150 N.410

Additive manufacturing is one of the enabling technologies that not only allows for customization411

of products but also simplifies the process of integrating the sensors in a seamless manner, e.g. by412

integrating the signal cables into the structure of the device. In this manuscript we demonstrated the413

development of a wearable sensor designed for an upper arm interface. The application imposed414

specific requirements in terms of dimensions of the sensor, sensing range and integration. The same415

method can be applied to develop sensorized interfaces for other body parts such as the lower limbs416

or torso. In the case of the lower limbs, the interfaces are subjected to higher forces and thus a less417

compliant sensor design might be required. Perhaps a sensor more similar to the design shown in [20].418

In other cases, even more compliant designs might be desired for which materials such as silicones419

could provide more options in terms of stiffness.420

The proposed sensors capitalize on recent developments in additive manufacturing. They promote421

iterative and customized design, such as customized interfaces for exoskeletons [22], which are believed422

to be an important aspect in the field of exoskeletons.423

5. Conclusion424

A sensorized interface for wearable robot applications was developed. The sensors are 3D printed425

pressure sensor, based on parallel plate capacitors, using flexible and conductive filaments. The426

response of the sensor was accurately modelled in a pressure range of 0 − 25 kPa. The sum of the427

pressure sensor measurements can accurately predict the total force acting on human subjects, with a428

coefficient of determination of 90.97% and a standard deviation of 4.1 N for the experimented task.429

The sensor was calibrated with two different methods. First, the sensor is characterized in a test-bench430

comprising an automated sensorized indenter. The sensor was assessed in terms of how the response431

of the sensor is affected by three different phenomena. The first one, adding foam on top of the sensor,432

to more uniformly distribute the loads, is shown to affect the response time and drift of the sensor.433

Secondly, the sensor’s response relative to the frequency of the load was shown to have minimal434

effects for a periodic lifting task. Thirdly, the inter-sensor variability test showed that it is possible435

to manufacture multiple sensors with sufficient tolerances to perform pressure measurements for436

exoskeletons. The human-in-the-loop calibration resulted in an accurate estimation by the pressure437

readings of the external force. In the future, the benefits of using the pressure sensor for high-level438

controllers will be assessed.439
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