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Abstract
The company SenseGlove is specialized in making gloves that integrate with virtual reality. This glove is
currently an exoskeleton that is able to track hand movements and give feedback from the virtual world
to the user. This thesis evaluates the finger force feedback design that is made for an improvement of
the current exoskeleton to a soft version in cooperation with SenseGlove. This improvement includes
the step up to a wireless glove powered on a battery instead of USB. The finger force feedback actuators
are the biggest power consumers within the complete system and therefore the power conversions
are also part of the finger force feedback design. Beside the already named subsystems, the glove
consists of Finger Vibrotactile feedback, Palm Vibrotactile Feedback, a battery protection system, a
battery charging system and a microcontroller. The subsystems Finger Vibrotactile feedback and Palm
Vibrotactile Feedback will be discussed in Th. [1] and Th. [2] respectively. In this thesis the control of
the finger force feedback actuators and the design and testing of the power conversions which consists
of a boost and a buck conversion are discussed. The sensitivity to instability in power converters and
the importance of proper PCB layout design are outlined. This instability is shown and ways to avoid
this instability are discussed. A first PCB design is made where functionality was tested. Afterwards,
an improved design is made which is representative for a final prototype and is able to fit in the soft
version of the glove, the SoftGlove.
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Preface
This thesis was commissioned by Delft University of Technology and is part of the Bachelor graduation
project for the study Electrical Engineering. This thesis is written about finger force feedback design in
virtual reality gloves. In cooperation with SenseGlove a new electronics design for virtual reality gloves
is made. The interaction between the real world and virtual reality is becoming more and more popular
and is developing very rapidly towards consumer friendly virtual reality gloves and even virtual reality
suits. There is growing demand for interaction between the virtual and real world, especially when
it comes to easily wearable and cheap devices. Beside these consumers, also companies are inter-
ested in virtual environments for training simulations, which is safer and cheaper than reality training
situations. Research in this field is therefore not only interesting for the technology industry, but also
business wise. For Electrical Engineering students, being part of this development and research is a
perfect graduation opportunity.
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Introduction

Since the late 90’s research on force feedback and haptic feedback has been done. Haptic feedback
is defined as the use of sense of touch to communicate with users [3]. Force feedback is the most
obvious and iconic part of feedback in virtual reality, allowing people to ”grab” or ”squeeze” items in
a virtual environment, by applying force to the fingers that stops them from moving through a virtual
object. The implementation of this force feedback has to take into account the differences of human
perception [4] as well as the differences in body size [5]. Existing force feedback systems are based on
different mechanisms, such as changing pressure using pumps [6], this is called pneumatic feedback.
Also the twisted string mechanism [7] connected to a DC motor is used in designs. Various possibilities
of controlling the DC motor exist for such force feedback systems. For example, a PWM control signal
[8] is used to change the torque of the DC motor [9]. Throughout time, research on force feedback
is done for different applications, such as rehabilitation for people who had an accident which caused
hand injury [10], tele-operations using a full force feedback arm [11] and prevention of muscle fatigue
and injury [12]. Recent research is done on possible use of deep learning for position estimation and
control of a glove [13] and possibilities to increase the degree of immersion by using tactile feedback
in a soft glove [14]. All these different feedback methods are currently combined in so called virtual
reality gloves. These gloves give the user the ability to feel an object that only ”exists” in virtual reality.
By making use of virtual reality glasses, the object and hand movements can also be visually experi-
enced. It is clear that the applications of a accurate force feedback system are infinite. Research and
development in this area is therefore necessary and can be seen as a major step towards a society
with more and more interaction between humans and machines.

Thesis Objective
The company SenseGlovemakes gloves that can interact with virtual reality bymaking use of haptic and
force feedback. The current version of the product uses an exoskeleton. This design limits the capability
and the scale of implementation for augmented reality applications. Therefore a soft version of the glove
is required, the SoftGlove. In this thesis the finger force feedback of this SoftGlove is discussed and
in detail elaborated. The actuators for the force feedback have a relatively high power consumption,
therefore the power conversions from the input voltage to the required voltages is part of the finger force
feedback subsystem. The input voltage has to be boosted to the required actuator voltage, which can be
achieved with a boost converter design [15]. The efficiency of this boost converter is important because
of the high power consumption. The design [16] and the possible use of multiple boost converters [17]
has effect on this efficiency and has to be taken in account. Previous research towards the electric
design [18] and the haptic feedback [19] for the SoftGlove is used for the development of the final
prototype.

Thesis Outline
This thesis consist of a general part and a part focused on the detailed design, implementation and
testing of the finger force feedback subsystem. The general part contains the requirements and the
design choices that are applicable for all subsystems and will therefore be included in all theses. The
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requirements will be discussed in the second chapter and the general design choices in the third chap-
ter. Next, the design of the finger force feedback subsystem is discussed in chapter four. In chapter
four is elaborated on the implementation of the design and the results of the prototype. After showing
the results, discussion follows in chapter six and conclusions are given in chapter seven.



0
Requirements

This chapter discusses the general requirements that are the result of the assignment from the com-
pany SenseGlove. After detailed research, the original assignment is changed to the final assignment.
The assignments and requirements are a result of collaboration with SenseGlove about the time and
practical limitations of the project. The final assignment and requirements splits the complete system
in three subsystems. Finally the requirements that are specific for the finger force feedback subsystem
are discussed.

2.1. Assignment
The current version of the product uses an exoskeleton. This design limits the capability and the scale
of implementation for augmented reality applications. Therefore a soft/fabric version of the old design
is an important development. This soft version should have at least similar capabilities as the current
exoskeleton glove, with the exception of finger tracking and added vibrotactile feedback in the palm of
the hand. The first assignment made by SenseGlove is discussed in Sec. 2.1.1. After discussions with
the company about the project and research on the subject, the constraints did not completely fit the
assignment. Therefore the assignment wasmodified in collaboration with SenseGlove, this assignment
is discussed in Sec. 2.1.2.

2.1.1. Original Assignment
The original assignment was to design and realize a semi-flex PCB for the SoftGlove, which integrates
per finger force feedback, linear resonant actuators in the fingertips and a Lofelt haptic actuator on the
palm of the hand, including firmware, where communication to the PC through USB according to the
SenseGlove protocol is possible. As an optional assignment, the glove can be outfitted with a wireless
communication link. This assignment can be found in Appendix A.3.2.

2.1.2. Final Assignment
After detailed research it was apparent that some changes needed to be made to the assignment. The
semi-flex PCB material is rated to bend a maximum amount of five times to make inserting the PCB in
a housing easier [20]. It is not made to bend continuously back and forth and is therefore not suited for
bending with the movement of the wrist. Another option would be to use a fully flexible PCB. However
the design of a fully flexible PCB adds significant complexity to the design process, as described in
[21]. Because of this, the use of a rigid PCB is chosen, which can be mounted on the wrist in the form
of several modules.
Secondly there were some concerns about the assignments challenge level as the finger force feedback
is already optimized for the current SenseGlove. Therefore it was decided to make the system work
with a battery so the product could become entirely wireless. When making the SoftGlove wireless,
power supply by a battery is needed which makes the power conversions for the finger force feedback
more complicated. However, the SoftGlove must have the ability to be powered via USB at 5 V with a
maximum of 4 A. This results in a maximum available power of 20 W.

3



2.2. General Requirements 4

2.2. General Requirements
Based on the final assignment that is discussed in Sec. 2.1.2, requirements are set that are applicable
for the whole system that should be made for the SoftGlove. The requirements can be divided in
mandatory requirements, cost factors and stretch goals. All of these are listed below.

Mandatory

1. The glove must have per finger force feedback.

2. The glove must have per finger vibrotactile feedback.

3. The glove must have a larger vibrotactile feedback core in the palm of the hand.

4. The glove must support USB-based firmware updates.

5. The glove may not have a power consumption over 20 W.

6. The average latency of the PCB may be no more than 40 ms. How this latency is defined is
discussed in Sec. 3.2.

7. The PCB must have over current protection.

8. The PCB must have over voltage protection.

9. The PCB must have reverse current protection.

10. The glove must stay under 40°C

Cost Factors

1. The latency of the glove should be as low as possible.

2. Extensions of the glove should take up minimal space on the wrist or other parts of the body.

3. The glove must have a minimal power consumption.

4. The feedback placement on the glove should be optimized where the sensitivity of the human
skin is highest.

5. The glove should be as durable as possible.

6. The glove should fit a wide audience as comfortably as possible. This means the product should
fit both men and women with a range of different sizes of wrists and hands.

Stretch Goals

1. The glove would benefit from being compatible with SenseGlove Communication Protocol [22].

2. The glove would benefit from having a wireless communication link.

3. The glove would benefit from using a mobile power source

2.3. Subsystems
It is clear the glove has three major feedback methods, finger force feedback, finger vibrotactile feed-
back and palm vibrotactile feedback. The finger force feedback can hold the fingers back when they are
grasping an object in virtual reality, creating the illusion of a solid object. The other two feedback meth-
ods are comprised of vibrations of actuators on the hand, creating the feeling of a buzz when touching
something in the virtual environment. The finger vibrotactile feedback is comprised of a smaller ac-
tuator on each finger, whereas the palm vibrotactile feedback is a larger actuator in the hand palm.
Because there are three types of feedback, the complete system is split up in these three subsystems.
Based on the complexity of each subsystem, some secondary tasks are divided to the subsystems. An
overview of the placement of all feedback subsystems is shown in Fig. 2.1.
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2.3.1. Finger Force Feedback
The iconic form of feedback from the virtual environment to the client is the Finger Force Feedback,
allowing people to ”grab” or ”squeeze” items in a virtual environment, by applying force to the fingers
that stops them from moving through a virtual object. This will be done using the actuators provided by
SenseGlove. The actuators provide feedback on the top of all fingers, marked in blue in Fig. 2.1.

This subsystem will use the most power and the highest voltage, and will therefore be accountable for
designing the power converters.

2.3.2. Finger Vibrotactile Feedback
The more subtle, but just as important way the current version of the glove provides feedback is through
small actuators that vibrate the fingers. This system allows the user to experience for example button
clicks and the smoothness of certain surfaces. This design is meant to be an improvement over the
vibration motors currently in the SenseGlove. The finger vibrotactile feedback motors will be placed on
the intermediate phalanges of the fingers and the proximal phalanx of the thumb, marked in green in
Fig. 2.1.

2.3.3. Palm Vibrotactile Feedback
SenseGlove wants to add another way of feedback in their products, and they want it to be the Lofelt
actuator based in the palm. This is a sensitive area that can provide general purpose feedback. The
Lofelt actuator will be placed in the palm of the hand, marked in red in Fig. 2.1.

Figure 2.1: Overview of the placement of all subsystems on the hand of the user

2.4. Subsystem Requirements
As from Ch. 1 the subsystem that will be discussed in this thesis is the finger force feedback. This
subsystem has some specific requirements beside the general requirements discussed in Sec. 2.2. In
order to make the switching in force feedback feel fluent and realistic, the PWM signal to the actuators
must have at least 100 different levels equally spread between 0 and 24. To make the SoftGlove as
comfortable as possible, switching frequencies must be always outside the hearing spectrum. This
means all switching frequencies must be above 25 kHz to avoid the components from making sound
the user could hear. In order to minimize power consumption of the SoftGlove, requirement is set that
the power conversions must have an efficiency of 90% or higher. The actuators are required to be able
to deliver at least a torque of 0.045 Nm. To satisfy this requirement a voltage of 24 V is needed across
the actuators, as can be seen in the data sheet in Appendix B.6. Summarized the specific requirements
are listed below.

1. The boost converter must be able to deliver an output voltage of 24 V.

2. The PWM signal to the actuators must have at least 100 different levels.

3. The switching frequency of all switching components must be at least 25 kHz.

4. Converter efficiencies must be at least 90%.



1
General Design

Next to the designs of the separate subsystems described in Sec. 2.3, some general design choices
have been made. These choices are applicable for all subsystems and are discussed in this chapter.
The power supply consists of several parts that are split up between the subgroups. At first the battery
charger circuit, which is done by the Palm Vibrotactile Feedback group, secondly the battery protection
circuit, which is made by the Finger Vibrotactile feedback group, and thirdly the type of battery which
is chosen by the Finger Force Feedback group. Besides the power supply, the microcontroller and
programming language were chosen. The way in which the systems cooperate can be found in Fig.
3.2.

3.1. Power Supply
As described in the new assignment, which is shown in Sec. 2.1.2, the goal is to design a wireless
glove. For the power supply this means a battery or multiple batteries have to be attached to the
SoftGlove or to the human body. As can be seen in the program of requirements, which is shown in
Sec. 2.2, the physical size is a major cost factor. Besides, a smaller system allows the gloves to be
compatible for a wider audience, which is also a cost factor. Taking this into account, all considerations
and final decisions for the battery type, charger and protection are outlined in this section.

3.1.1. Battery Type
Since the SoftGlove is designed for wireless application, a battery has been found that will not con-
strain the usage of the glove. From the general program of requirements, shown in Sec. 2.2, some
requirements for the battery follow. The battery should be able to deliver a peak power of 20 W and
the battery, as an extension of the glove to the wrist, should take up minimal space.

Types of Batteries
The requirements immediately shorten the list of usable batteries for the application. The used voltages
in the system are 3.3 V, 5 V and 24 V, where the 24 V subsystem uses the most power. The highest
efficiency will be achieved with a battery input voltage of between 5 V and 24 V. This efficiency is mainly
based on the boost from the input voltage to the output voltage of 24 V. When boosting an input voltage
lower than 5 V to an output of 24 V, the efficiency of one the boost converter often becomes lower than
75% which is too low to meet the power specifications as described in Sec. 2.4. This efficiency will be
further discussed in the finger force feedback design, which is discussed in Ch. 4. The second option
is to use two boost converters in cascade. However, this uses almost double the space, which is not
available. Therefore the input voltage must be at least 5 V. Furthermore, for practicability and durability
the battery needs to be rechargeable. Finally, the battery shape and weight influences comfort of the
SoftGlove user. Taking all of this in account, five battery types were considered and discussed. Paper
[23] was consulted, to further explain the differences between the different batteries. These battery
types are shown and discussed below. The best battery type is used in the design of the SoftGlove.

6
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• Lead-Acid

• Nickel Cadmium(Ni-Cd)

• Nickel-Metal Hydride(Ni-MH) item Lithium-ion(Li-ion)

• Lithium-ion Polymer (Li-Po)

Lead Acid Batteries Lead Acid Batteries are created as very reliable and low-cost power sources.
As disadvantage they have a low energy-to-weight ratio. Because of their big size and high weight in
comparison to other battery types, this is not an option for wearable application.

Nickel CadmiumBatteries have a couple of useful advantages. For example, they can handle many
charge/discharge cycles in comparison to the other types of batteries. On the other hand, there are
disadvantages which are so crucial that this type of battery is not chosen for the SoftGlove. Firstly,
the presence of the so called ’memory effect’: The batteries lose their maximum capacity when they
are being recharged after not being fully discharged. Secondly, This type of battery also contains toxic
metals and the energy density is not as high as some other battery types. Another disadvantage is that
Nickel Cadmium batteries have a cylindrical shape, which is not ideal for efficient usage of the available
space on the wrist.

Nickel-Metal Hydride Batteries have a higher energy density than Nickel Cadmium batteries but
also have the cylindrical shape. The energy density is also not as high as with Lithium batteries. For
the same capacity, a bigger and heavier battery is needed. Nickel-Metal Hydride batteries are not ef-
fected by the memory effect, which is an advantage. Despite this advantage, the self discharge rate is
high and the maintenance to ensure a sufficient lifetime is very difficult. All the disadvantages makes
the Nickel-Metal Hydride battery not suitable for usage by a wide and long term audience as for the
SoftGlove.

Lithium-Ion Batteries are widely used for wearable applications. A disadvantage is that these bat-
teries also have a cylindrical shape. This type of battery is comparable to Lithium-ion Polymer batteries
[24], which have the advantage of a low profile and non-cylindrical shape. Their form factor makes it
also easier to attach the batteries to the wrist. Li-Po batteries have a disadvantage of higher price
comparing to Lithium-ion, however these costs are small compared to the advantages. Lithium-ion has
a sufficient discharge current for the case of maximal dissipation of 5 A, where maximally 2.5 A can
be drawn. Lithium-Polymer generally has even higher discharge rates. Looking at safety differences,
Lithium-Polymer is more sensitive compared to Lithium-Ion regarding over voltage and over current
while charging and discharging. However, when using reliable and good protection circuits this can be
prevented. In Tab. 3.1 the batteries together with their advantages and disadvantages are summa-
rized. Taking all advantages and disadvantages into consideration, Lithium-Polymer is chosen as the
optimal battery type.
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Table 3.1: Decision Matrix Battery Type

Battery type Advantages Disadvantages

Lead-Acid
- Non-cylindrical shape
- Reliable
- Low Cost

- Low energy density
- Big size, high weight

Nickel Cadmium - Many charge/discharge cycles

- Memory Effect
- Toxic metals
- Moderate energy density
- Cycindrical shape
- Self-discharge rate high

Nickel-Metal Hydride

Similar to Nickel Cadmium but:
- Higher specific energy
- No toxic Metals
- No memory effect

Similar to Nickel Cadmium but:
- Less charge/discharge cycles

Lithium-ion - High energy density - Cylindrical shape
- Requires specific protection system

Lithium-ion Polymer

- High energy density
- Non-cyclindral shape
- Low profile
- High discharge rate

- Higher price
- Requires specific protection system

Integration in Design
Lithium-Polymer batteries have a nominal voltage of 3.7 V. As stated above, it is inefficient to directly
convert from this voltage to the 24 V, which is needed for the finger force feedback subsystem. To
achieve higher efficiency, two battery cells can be connected in series. This gives a nominal voltage
of 7.4 V. The disadvantage of connecting multiple cells in series is the mandatory use of a balancing
system between the multiple cells to ensure safety and durability of the cells. From 7.4 V highly efficient
boost converters are available that can convert this input voltage to 24 V. Connecting more than two
cells in series makes balancing even more difficult and increases size as well. This makes connecting
two cells in series the optimal design choice.
Next to choosing the amount of cells, the cell capacity also has to be chosen. This is the amount of
energy stored in the batteries. As already mentioned in Ch. 2 the glove should have equal or better
specifications than the current model. The wireless kit, that is in development for the current Sense-
Glove, can last around 30 minutes on maximal power dissipation. To achieve this in the SoftGlove,
the maximum power dissipation has to be estimated. Given the nominal battery voltage of 7.4 V, a
maximum of 2.5 A can be drawn. At this power dissipation the battery must last 30 minutes or more,
so a capacity of at least 1250 mAh is needed. A battery is chosen with 1500 mAh capacity, where a
maximum continuous current of 4.5 A can be drawn. The size is 66x32x6.5 mm, such that the battery
can fit comfortably within the width of most wrists. The weight of two cells is 60 g, not more than the
weight of an average watch. These two cells are connected in series to achieve the required input
voltage of 7.4 V.

3.1.2. Battery Charger
Since the system will be charged over USB the charger needs to accept an input voltage of 5 V. Unfortu-
nately there is currently no IC available with support for boost mode charging, balancing and protection
of a 2 cell (2S) lithium-polymer battery. Therefore a separate battery protection and charging IC is
used. A single lithium-polymer cell is rated at a maximum of 4.2 V, two cells in series are rated at 8.4
V. Therefore the charger must be able to charge the lithium-polymer battery to 8.4 V. The IC used for
charging the battery is the BQ25883 from Texas Instruments. This is a 2S boost mode Li-Ion and Li-Po
battery charger. It can charge the battery with a maximum current of 2 A. When using the battery as
stated in Sec. 3.1.1 the charging time will be 45 minutes. The final circuit and layout of the charger can
be found in Appendix A.2 and A.3 respectively.
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3.1.3. Battery Protection
As stated above lithium polymer batteries need some types of protections. The cells of a Li-Po battery
get damaged when they are charged or discharged too far. In case of over discharge the battery will
lose some of its capacity and its self-discharge rate will increase. In the case of over charge, the bat-
tery might catch fire or even explode. This poses a safety hazard that is not ethically permissible in a
consumer product. Because of this, a solid protection circuit is needed. As stated in the section above
there is no IC available that can charge, protect and balance a 2S battery. Therefore a separate pro-
tection IC is necessary. The battery protection IC that meets all these requirements is the BQ28Z610.
While this IC is marketed as a gas gauge, a circuit meant to determine the state of charge of the battery,
it also has many protections built in. The IC features over- and undervoltage protection, overcurrent
protection, short circuit protection and overtemperature protection. Apart from these protections it also
has the ability to balance a 2S battery. It therefore includes all the desired features that the battery
charging circuit lacks. The final circuit and layout can be found in Appendix A.1.3.
Unfortunately the battery protection circuit is untested at time of writing. This is due tot the fact that the
footprint of the IC was drawn incorrectly in the first PCB, both in terms of size and orientation. However,
this has been rectified for the final prototype and the circuit has been checked multiple times to ensure
there are no errors.

3.2. Microcontroller
The subsystems of the glove need to be controlled by a microcontroller. Since the desire was to make
the system wireless a microcontroller with integrated wireless functionality is ideal. The ESP32 micro-
controller was therefore chosen for the first design as it provides a sufficient amount processing power,
storage, IO pins and has integrated Bluetooth and WiFi connectivity. For the final prototype the ESP32
Pico was selected. The Pico has all the same functionality as the bigger modules, but is a lot smaller
with its 7*7mm QFN package and requires no external components like crystals since they are builtin
to the package. Even though the Pico has Bluetooth and WiFi functionality, it does not have a built-in
antenna. Therefore an external antenna has to be used. The Proant 440 was selected, because of it’s
simplicity, small size and good performance.

3.3. Programming Language
The chosen ESP32 supports the use of a multitude of programming languages, each with their re-
spective advantages and disadvantages. The programming languages that were considered were
Micropython, Arduino and ESP-IDF. The latter is the official development framework based on C pro-
vided by the manufacturer of the ESP32. Micropython has the advantage that it is easy to write and
especially easy to debug since it is an interpreted programming language. This makes it possible to
send commands and read out contents of variables over USB without needing to recompile and upload
the code. There are however fairly major disadvantages to this approach. Micropython is slow when
compared to Arduino and especially to using ESP-IDF and it provides little flexibility in regard to for
example, assigning which pins the I2C bus uses. Another disadvantage is that only a few people in
the group have experience with Python and would therefore require some studying of the syntax and
behaviour to write proper code. The Arduino programming language benefits from many built-in func-
tions for controlling for example the I2C or SPI bus and it supports the C and C++ languages. However,
since it is designed to run on a multitude of microcontrollers it features the same flexibility disadvantage
as Micropython and is still not as fast as C or C++ code written specifically for the used microcontroller.
This is provided by the ESP-IDF, which stands for the Espressif IoT Development Framework. This
is the most low level language that has a similar structure as C and C++ and thus provides only lim-
ited pre-made functionality, it does,however provide a lot of flexibility and speed. Since a main limiting
factor in this project is latency, execution speed of the commands is critical. Furthermore since the
whole group has experience in writing C and C++ code from Bachelor courses this would be relatively
familiar. Therefore the ESP-IDF was chosen for developing the software that would run on the final
prototype. For software development reasons the ESP-IDF code for all subsystems has to integrate
with the current SenseGlove communication protocol that is described in [22].
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3.4. Latency Budget
One of the most immersion breaking parts of virtual reality experiences is latency. It is therefore part of
one of the major requirements, namely that the average latency may not be more than 40ms. In order
to understand which parts of the design have the highest latency a latency budget was constructed.
First of all an estimation was made regarding the various components of the design. After the design
and assembly, the actual latencies of the components was measured to check if the estimations were
correct. The wireless communication, processing on the microcontroller, the driving of the finger force
feedback actuators, the per finger vibrotactile feedback and the Lofelt circuitry were considered in the
estimation of the latency budget. The estimated latency budget can be seen in Tab. 3.2. The latencies
of the different subsystems have been measured and can be found in Tab. 3.3. The latency of the
finger force feedback stays the same because it is based on the known switching delay and rise time
of the MOSFETs.
An important matter to consider about latencies is the exact definition of the latency. The latency can
be taken as the purely electrical or processing latency but it can also include the mechanical latency
of the (vibration) motors. In deliberation with SenseGlove, it was determined that latency would be
defined as the time between the computer sending the data to the moment the system sends the signal
to the actuators. So mechanical latency and latency within the PC software is not taken into account.
Additionally, the latency of the microcontroller was not measured in the final design as it was already
included in the latencies of the subsystems. The latency of the driver in the Palm vibrotactile Feedback
department was hard to determine. This is due to the nature of the output, which is explained in the palm
vibrotactile feedback report [2]. The latency of the palm vibrotactile feedback was estimated based on
the data sheets.

Table 3.2: Estimated latency budget.

Component Estimated latency
Wireless communication 10 ms
Microcontroller 1 ms
Per finger force feedback 0.1 ms
Per finger vibrotactile feedback 2.5 ms
Palm vibrotactile feedback 4 ms

Table 3.3: Measured latencies per subsystem.

Component Measured latency
Wireless communication 7 ms
Per finger force feedback 0.1 ms
Per finger vibrotactile feedback 1.9 ms
Palm vibrotactile feedback 0.1 ms

3.5. Broad Design Choices
Some general design decisions were made during the design process. Firstly the type of component
packages to use had to be chosen. Since everything had to be soldered by hand, BGA packages would
be very difficult to solder properly. As can be seen in Fig. 3.1a the package has pins on the bottom
which are very hard to reach during soldering. BGA is therefore avoided. The same goes for QFN
packages, while they are easier to solder than BGA they still pose a challenge. However, the QFN
package ended up being almost impossible to avoid in some cases. In Fig. 3.1b the QFN package
is shown, it can be seen that the soldering pads are on the bottom but also reachable from the side.
Another component choice was regarding the size for the passive components like resistors, capacitors,
etc. Of course having smaller components would lead to an overall more comfortable design for the
glove. This is due to a better fit on the wrist, because of the smaller PCB size. However, this would
again make it hard to solder by hand. Therefore the imperial 0805 component size was chosen as
a good compromise between size and ability to solder by hand. However, for the final prototype the
space constraints were so tight that for the finger vibrotactile feedback subsystem, components with
the size of 0603 were chosen. Another decision with a major impact on form factor was the amount of
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layers of the PCB. With more layers less space is required to route all the wires as well as the fact that
it improves power distribution and shielding due to the ability to add more power and ground planes.
The downside of going from a 2 to a 4 layer PCB is monetary cost, with a 4 layer PCB being almost
twice as expensive [20]. For the first PCB a 2 layer design was made and manufactured. Because of
this experience and space constrains it is decided to use a 4 layer PCB for the final prototype.

(a) BGA package [25].
(b) QFN package [26].

Figure 3.1: BGA and QFN packages

3.6. General System Overview
In Sec. 2.3 all subsystems that are integrated in the SoftGlove are discussed. In Fig. 3.2 an overview of
all connections between these subsystems is shown. The subsystems are abbreviated by FFF for per
finger force feedback, FVF for per finger vibrotactile feedback and PVF for palm vibrotactile feedback.
The blue lines represent the data lines between the modules, where the numbers show the amount
of data lines. The red lines represent the power lines between the modules with the voltages shown
on the lines. The USB block represents an USB micro input to charge the battery and connect to
the microcontroller for programming. Furthermore, the power conversions block consists of a buck
converter to create the required 5 V as well as a boost converter to generate the 24 V for the finger
force feedback.

Figure 3.2: SoftGlove system overview. The subsystems on the top right are abbreviated as follows: Finger Force Feedback
(FFF), Finger Vibrotactile Feedback (FVF) and Palm Vibrotactile Feedback (PVF).

All data lines are connected to the microcontroller. When determining all the data lines to the micro-
controller, specifications had to be taken in account. First of all some pins output a PWM signal while
the microcontroller is booting. Second, some pins are not allowed to be pulled up or down when the
microcontroller is switching on. This is since these pins are responsible for selecting the boot mode.
Third, some pins are specified to be just an input or just an output pin. The pin layout is therefore
carefully designed and can be found in detail in Appendix A.7.
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3.7. PCB Layout
The PCB stage consisted of two stages. A first PCB which is mainly focused on the functionality of
the subsystems. The second PCB, which will be a revision of the first PCB, is mainly focused on the
form factor and the placement of the subsystems. The second revisions will be the final prototype. The
first PCB is 10.5 cm by 14.5 cm which is not the size that meets the requirement to fit on the wrist.
The functionality of all subsystems is discussed and tested together with the revisions for the individual
subsystem in the theses as described in Sec. 2.3. The layout of the second PCB, the final prototype,
will be discussed in this section. As stated in Sec. 3.5, the first PCB is made with just 2 layers and the
second PCB with 4 layers.

3.7.1. General Improvements for the Second PCB
After soldering and testing the first PCB, some general improvements had to be made when designing
the second PCB. These improvements are listed below.

• A reset button for the microcontroller is needed.
• A power switch to turn the whole system on and of is needed.
• More test points need to be placed where possible.
• Pull-up resistors are required for both I C buses.
• Capacitors with a small capacitance need to be placed as close to the ICs as possible.

3.7.2. Final PCB Layout
All the improvements that are discussed in Sec. 3.7.1 together with the improved subsystems led to
the final PCB layout that is shown in Fig. 3.3. The circuits schematics of the final PCB can be found
in Appendix A.1. The final layout consists of two PCBs that both have a size of 40 mm by 70 mm,
which is considerably smaller that the first PCB. The choice for two small PCBs gives the possibility
to mount one PCB on the top of the wrist and the other one on the bottom of the wrist. Each PCB is
mounted with one of the lithium-polymer cells, so a cell on the top and bottom of the wrist which can
together deliver the 7.4 V. In Fig. 3.4 it is shown how this construction is set up. The PCB has all the
components placed on one side to make sure nothing collides with the battery cells. The structure and
design of all separate layers of the final complete PCB can be found in Appendix A.2.

(a) Top PCB layout. (b) Bottom PCB layout.

Figure 3.3: The layout of all subsystems on the final PCB

Figure 3.4: Mounting of the PCB and battery to the arm of the user.
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Finger Force Feedback Design

In this chapter the design process of the finger force feedback subsystem is described and all design
choices are justified. An overview of the finger force feedback and relevant subsystems is shown in
Fig. 4.1. The designs of the parts colored in blue are part of the finger force feedback subsystem. At
first the actuator characteristics were determined and the actuator control system was designed. Using
the knowledge of the actuator characteristics and design, the power conversion designs were made,
which includes both a boost and a buck conversion.

Figure 4.1: Black box of the entire finger force feedback system

4.1. Actuator Control Design
The actuators are the actual finger force feedbackmechanism. The actuators are able the hold back the
fingers when squeezing them. The actuators need to be controlled such the force they are performing
on the fingers can be adapted depending on the needed feedback. The characteristics and control of
the actuators are outlined and discussed.

4.1.1. Finger Force Feedback Actuator
The actuators used for the SoftGlove were already defined by SenseGlove, thus no design choice was
to be made for the actuators. However, a lot of design choices for the subsystems connected to the
actuators had to be made, to make sure that this subsystems are able to handle the characteristics of
the actuator. Therefore determining the characteristics of the actuators in detail is of great value. The
actuators are provided by the company SG Transmission. The original data sheet from SG Transmis-
sion can be found in Appendix B.6. Although provided in the data sheet, because of the importance of
the actuator characteristics, the resistance with respect to time is verified by means of a test.

Internal Resistance With Respect To Time
The actuator becomes hot during intensive and long use. Keeping the temperature of the actuators
low is not a requirement because the actuators fall outside the program of requirements. The hand of

13
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the user is protected against the heat from the actuators. However, the change in resistance of the
actuators due to intensive and long use is relevant for the design. Therefore a resistance test with
respect to time was done. In this test the input of the actuator was connected to a programmable DC
power supply. A voltage of 20 V, which is almost full power, was applied to the actuator for 10 minutes.
The resistance of the actuator was measured every 30 seconds. The results of this test can be found in
Fig. 4.2. It can be clearly seen that the resistance of the actuator increases when the time is passing.
The resistance starts at 308 Σ and increases to almost 360 Σ after 10 minutes. However, the gradient
of this graph decreases over time. This trend corresponds with the trend from the data sheet, which is
shown in Appendix B.6. Therefore can be concluded that the internal resistance of the actuator will not
drop below 300 Σ under normal operation conditions. This is an important actuator characteristic for
designing the boost converters, since the heaviest load determines the current that the boost converter
must be able to deliver.

Figure 4.2: Actuator resistance with respect to time

4.1.2. Control Design
In order to change the force applied to a user depending on the needed level of feedback, the actuators
need to be controlled. The actuator will not work on a fixed voltage, but at different voltages in the
complete range between 0 V and 24 V. This 24 V is the maximum voltage, applied at the actuator,
needed for the application. These different applied voltages determine the force feedback the actuators
exert. This is valuable, because different objects in virtual reality require different strengths of feedback
given to the fingers of the user. This gives the user the ability to squeeze a soft object like a ball, but
not a hard object like a phone. In Sec. 4.2.1 is explained how 24 volt is made available from the input
voltage. In the range from 0 to 24 V at least 100 different voltage levels are required, as shown in the
program of requirements in Sec. 2.4. To create this range of voltages, Pulse Width Modulation(PWM)
was used. PWM is used to reduce the average voltage, and therefore power, that is delivered to the
load. This is done by switching the system on and off really fast. By changing the duty cycle of the
switching, the power delivered to the load can be increased or decreased. When the duty cycle is 80%,
the system will be switched on for 80% of the time and will be switched off for 20% of the time. This
means, when applying a duty cycle of 80% the voltage over the actuator will be 0.8 ⱥ 24 = 19.2 V. This
PWM signal was created in the microcontroller and sent to the finger force feedback system. However,
the PWM signal from the micrcontroller had an amplitude of 3.3 V which is obviously not sufficient to
drive the actuators directly.

MOSFET
A MOSFET is used to control the actuator with the 3.3 V PWM signal from the microcontroller. The
MOSFET is able to regulate the 24 V signal with the smaller 3.3 V PWM control signal. The MOSFET
is able to switch with a frequency of 25 kHz. The switching frequency of the MOSFET was determined
with the switching frequency of the 3.3 V control signal that is set at 25 kHz in the microcontroller. The
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MOSFET was not placed on the 24 V line of the actuator, but on the ground line of the actuator. This
is because the gate-source threshold voltage of a MOSFET is typically 1.5 V, which means that the
gate voltage has to be at least 25.5 V when placed on the 24 V line. When the MOSFET is placed on
the ground line of the actuator, the gate voltage has to be at least 1.5 V. In this case, the 3.3 V from
the microcontroller is sufficient to control the gate of the MOSFET. The PWM signal that is connected
to the gate of the MOSFET switches from 0 V to its amplitude of 3.3 V. To make sure the 0 V of the
PWM signal is really 0 V, a pull down resistor was used. This resistor has a relative high resistance of
= 100 Σ and is connected between the ground and the gate of the MOSFET. This resistor ensures

that the gate is not floating when the PWM signal is at 0 V. For the final design the N-channel BSS138L
MOSFET was used. With a N-channel MOSFET, the current flows from the source to the drain. The
MOSFET circuit which controls the actuator can be seen in Fig. 4.3a.

Flyback
The finger force feedback actuator can be represented as an inductor and a resistor in series. The
resistor in series represents the small resistance of the inductor’s wire windings. When the MOSFET
is closed, the 24 V of the boost converter is applied to the finger force feedback actuator. Current will
flow from the boost converter through the inductor and the resistor. The increase in current will cause
a back EMF voltage across the inductor which opposes the change in current. The current through the
inductor increases slowly because the change in current is limited at a constant value of / . Where
V is the boost converter voltage of 24 V and L the inductor inductance of = 5.6 H . When maximum
energy is stored in the inductor’s magnetic field, the 24 V will be completely dropped over the resistor.
When the MOSFET is opened, the current drops rapidly. However, the current through an inductor can
not suddenly change. The inductor will resist against current drop with a very large induced voltage
that has a polarity opposed to the battery voltage. To prevent the MOSFET from these sudden voltage
spikes, a diode was connected in parallel to the actuator. This diode is in reverse bias seen from the
24 V line, so it is not conducting current when the MOSFET is closed. The circuit design including the
diode is shown Fig. 4.3b.

(a) MOSFET Circuit (b) MOSFET circuit with diode

4.2. Power Converters Design
The power supply for the actuators used for the finger force feedback are two Lithium-Polymer cells,
with a nominal voltage of 3.7 V each. These cells are connected in series, so the nominal voltage of
the the available power supply is 7.4 V. The maximum voltage each battery can supply is 4.2 V. The
minimum voltage is 3.3 V. This means the voltage that the batteries deliver, can differ between 6.6-8.4
V.
The actuators that must be able to deliver the force needed for the finger force feedback are provided
by SenseGlove. Clearly the nominal battery voltage is not sufficient to drive the actuators at full power,
so power conversion to 24 V was needed. The solution to this is a DC-DC boost converter. As shown
in the data sheet in Appendix B.6, at full power each actuator draws around 80 mA, which means
that all five actuators draw a current of 400 mA together. In the Program of Requirements in Ch. 2
is described that the total power must be 20 W or lower. The power needed for the force feedback
actuators is already = = 24 0.4 = 9.6 in case of 100% conversion efficiency. Since other
subsystems also use power, it is important the efficiency should be as high as possible and at least
90% as described in Sec. 2.4.
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Next to the actuators, there are also other subsystems that can not be driven with the battery voltage
of 6.6-8.4 V. Subsystems finger vibrotactile feedback and palm vibrotactile feedback subsystems need
a 5 V input and the microcontroller needs 3.3 V input. At maximum power these subsystems together
draw a current up to 1 A. For these systems, DC-DC buck conversion is needed. The power usage will
not be as high as the power usage by the actuators, but still a high efficiency is very important to keep
the overall usage as low as possible.

4.2.1. Boost Converter
In order to choose the best boost converter, certain trade-off criteria had to be discussed. A black
box from the conversion process is shown in Fig. 4.4. From the general program of requirements,
shown in Ch. 2 can be seen, that the relevant topics are minimizing the space on the PCB and making
all conversions as efficient as possible to keep the power dissipation of the overall system as low as
possible, below 20W. Next to this, there is a latency requirement of 40 ms, but since the converters and
actuator control systems have delays in the order of nanoseconds, this requirement is less relevant.
Two chips were found for this task, the LTC3872 by Lineair Technology and the TPS55340 by Texas
Instruments. These were chosen because they can supply enough current and voltage to drive the
actuators at full power with an efficiency of 90% or higher. The switching frequencies of the LTC3872
and TPS55340 are 550 kHz and 1.16 MHz and are outside the hearing spectrum as required in Sec.
2.4. Because both chips seemed suitable and both had their own advantages, more research was
done into both chips before choosing the optimal converter.

Figure 4.4: Black box of the boost conversion subsystem

Circuitry Design
The LTC3872 data sheet [27] shows an example circuit for 5-24 V conversion. Since the input voltage
range is 2.75-9.8 V and the step-up to 24 V is smaller from 7.4 V, an even higher efficiency is expected
with eventually some small component changes. The components are checked on their rated voltages
and currents. According to these checks, the system should work as required in case a higher input
voltage is used up to 8.4 V. Although all components are good enough in terms of functionality, one
component is replaced: the inductor in the circuit. Since the original inductor has a relative big footprint,
another smaller inductor with similar specifications was added. The footprint of this inductor was 2-3
times smaller. The circuit for this converter is shown in Fig. 4.5. As the converting efficiency is around
90% for a 5 V input according to the data sheet [27]. The converting efficiency, for the range of battery
voltages, is expected to be higher than 90%.

Figure 4.5: Boost converter circuit using the LTC3872 by Lineair Technology

The TPS55340 has both a data sheet [28] and online software provided by Texas Instruments avail-
able. The circuit needed for the chip to function properly was optimized for the input voltage range of
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