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Abstract: For technical or medical applications, the knowledge of the exact kinematics of the human

hand is key to utilize its capability to handle and manipulate objects as well as to communicate

with other humans or machines. The optimum between the number of measurement parameters,

measuring accuracy as well as complexity, usability and cost of the measuring systems is hard to

find. Biomechanic assumptions, the concepts of a biomechatronic system and the mechatronic design

process as well as the use of commercial available components are used to develop a sensorized

glove. The proposed wearable here can measure 14 of 15 angular values of a simplified hand model

introduced in this paper and five contact pressures as well as inertial data of the whole hand with

a degree of freedom of six. Due to the modular design and a hand size examination based on

anthropological parameters, the concept of the wearable is applicable for a large variety of hand sizes

and adaptable to different use cases. Validations show an RMSE for the measurement of the joint

angles of 0.99◦ to 2.38◦ surpassing the human perception threshold and the current state of the art in

science and technology for comparable systems.

Keywords: wearable devices; wearable sensors; data glove; biomechatronic design; hand kinematics;

joint measurement; flex sensors; biomedical engineering

1. Introduction

1.1. Overview

The human hand with its opposable thumb is a unique feature of Homo sapiens [1,2]. The hand

is an essential tool to handle and manipulate all types of objects, but also to communicate with

other humans or machines. To utilize all these features for medical and technical applications, the

measurement of the exact kinematics or at least knowledge of certain gestures of the hand with its

high degree of freedom (DoF) gains more and more interest. Therefore, a rising number of wearable

electronics – especially as part of e-textile systems – are developed with a promising outlook in market

perspective [3]. Just in the healthcare wearable market, a volume of 46.6 Billion USD is predicted for

the year 2025. Additional fields of application like robot control and teleoperation [4–7], medicine and

rehabilitation [8–13] or to translate sign language [14–20] and more (cp. [21]) increasing that volume.

1.2. Related Work

A broad variety of wearable devices has been developed for the use at the human hand [3,21]. Very

often the main focus is an active, actoric support of the hand with exoskeleton systems [8–10,12,13,22],

the provision of haptic feedback [7] or non-kinematic parameters like the measurement of pressure

[23,24] or the use of electromyography (EMG) [9,11,25] are examined. Especially for the use of

EMG, the wearable has to be extended at least to the lower arm [25]. For the measurement of

kinematic parameters very often vision based systems are used [20,26,27], but with the focus on
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mobile body-bound systems they are not further investigated for this article. Non-visual acquisition of

kinematic parameters of the hand – especially the angle of the finger joints – are done using fibre-optic

sensors [28], Hall effect sensors [29], inertial measurement units (IMU) [13,30–33] or bending sensors

[34]. To store additional hardware (e.g. actoric components or battery packs) bag packs [9], belts

[35,36] or cuffs [7] are used. Furthermore, smart textiles or sensors [37,38] or the use of soft robotic

concepts [9,12,22,35,36] are discussed in literature.

1.3. Our Contribution

In this study, we propose a modular sensorized glove (SenGlove) to measure kinematic parameters

of the hand as main functionality. To reduce the number of measurement parameters, the complexity

of the hand is reduced from DoF 23 [39] to DoF 15 applying biomechanic assumptions and concepts.

Anthropometric data of the hand is analyzed to secure the applicability of the SenGlove concept to a

broad range of individuals, as well as to introduce a possible sizing system. The use of commercially

available components is supposed to reduce cost and to achieve a high proximity to a later product

development. The concept of a biomechatronic system [40] forms the basis for the design process,

helps to achieve a high degree of user acceptance and to measure without interference of the future

user. Basic concepts of the mechatronic design process [41] like a domain specific development and

modularization are utilized to gain an optimized design and to reach a high flexibility of the system in

regard to different applications in the future.

2. Materials and Methods

In this section, basic assumptions and requirements for SenGlove as well as elements of the domain

specific development following VDI 2206 "Design methodology for mechatronic systems" [41] are

described. Only the final design is shown in detail. Design variants discussed during the development

are shown briefly in Appendix A.

2.1. Basic Assumptions and Requirements/aims of the design

The proposed wearable is supposed to be used unrestricted and autonomously in daily life

activities by both women in the 5th percentile and men in the 95th percentile (size adaption of

the concept). Donning and doffing shall be done be the user on his own. SenGlove is supposed

to measure "absolute" angular information on the finger joints (kinematic measurements) in the

first place. In regard to the human perception threshold for angular resolution in the finger joints

[42] the measurement accuracy of SenGlove is demanded to be below 2.5◦. Additional measuring

parameters are pressure information at the fingertips (contact pressure measurements) as well as

general information on the movement of the hand (inertial measurements). SenGlove is not intended

to be used while handling objects. Therefore, measured contact pressure at the fingertips is regarded

as finger-finger or finger-palm contact. No visual analysis is used.

2.2. Simplified Hand Model

An anatomical model of the human hand has a DoF of 23 [1,39]. In order to take a first prototypical

approach of a wearable for measuring kinematic data of the human hand, a simplified kinematic

model of the hand with a DoF of 15 was applied (see Figure 1). Fingers were numbered from thumb (I)

to pinkie finger (V) (in anatomy defined as Digiti DI to DV). To achieve a reduction of DoF abduction

and adduction in the Metacarpophalangeal (MCP) joints of each finger and in the Carpometacarpal (CMC)

joint of finger I are neglected. The model depicts the finger joints as mechanical hinge joints with a

DoF of 1. In addition, the CMC joints of finger IV and V are neglected, as they only allow minimal

movement [1,39]. To further reduce the model’s DoF a constraint based on the anatomy and tendon

apparatus of the hand is applied [1]. It describes the coupling between the flexion and extension
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movements of the Distal Interphalangeal (DIP) and Proximal Interphalangeal (PIP) joints of the fingers II

to V with the linear equation (1).

θDIP =
2

3
θPIP, (1)

where θDIP refers to the flexion angle of the DIP joint, and θPIP refers to the flexion angle of the PIP

joint [43].

The resulting model is shown in Figure 1. The coordinate system with the axes x
′

0, y
′

0 and z
′

0 was

defined as a global coordinate system [43]. It is located in the center of the wrist of the hand model. In

addition, each joint axis ji has a local coordinate system Kji, where j refers to the jth finger at which

the considered joint is located, and i donates the considered axis of a joint.

y
′

0

x
′

0

z
′

0

Finger II Finger III Finger IV Finger V

Finger I

DIP

PIP

MCP
IP

MCP

CMC

Figure 1. Simplified kinematic model of a human hand with a degree of freedom of 15. Fingers

numbered I (thumb) to V (pinkie finger). Joints: Carpometacarpal (CMC), Distal Interphalangeal (DIP),

Interphalangeal (IP), Metacarpophalangeal (MCP), Proximal Interphalangeal (PIP). Global coordinate system

with the axes x
′

0, y
′

0 and z
′

0. In anatomical terms: x
′

0 points distal, y
′

0 points radial, z
′

0 points palmar.

2.3. Denavit-Hartenberg Method

The coordinate systems Kji follow the rules of Denavit-Hartenberg-convention [43,44]. With

the Denavit-Hartenberg method (DH method) it is possible to determine the relative position and

orientation of two neighbouring coordinate systems within a kinematic chain in three-dimensional

space with only four instead of the usual six parameters – e.g. used in [4,13]. Following parameters

(DH parameter) are used for implementation of the DH method [43,44]:

• joint angle θji of the joint axis ji describes the angle of rotation from the axis xji−1 to the axis xji

around the axis zji−1
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• joint distance dji describes the translation of the origin of the coordinate system Kji−1 along the

axis zji−1, so that the distance between the origins of Kji−1 and Kji becomes minimal
• link length aji describes the translation of the origin of the coordinate system Kji−1 along the axis

xji, so that the distance between the origins of Kji−1 and Kji becomes minimal
• link twist angle αji describes the angle of rotation from the axis zji−1 to the axis zji around the

axis xji

Figure 2 shows the open kinematic chain of fingers II to V. The kinematic chain of finger I is

analogous to the CMC, MCP and Interphalangeal (IP) joints. The DH parameters of the fingers are

shown in Appendix C.

zj0

zj1

xj0

xj1

zj2

xj2

zj3

xj3

lj3

lj2

lj1

DIP

PIP

MCP

Figure 2. Open kinematic chain of finger II to V (j = {2, 3, 4, 5}) with the Metacarpophalangeal (MCP),

Proximal Interphalangeal (PIP) and Distal Interphalangeal (DIP) joints. For better distinction, the xji axes

of the local coordinates Kji of each joint are colored red and the zji axes are colored blue. The distances

lji correspond to the functional lengths of phalanges of the fingers.

In order to transform a local coordinate system Kji−1 into the neighbouring coordinate system

Kji, the homogeneous transformation matrix
ji

ji−1T, also called Denavit-Hartenberg-matrix, from

equation (2) can be applied [44]:

ji
ji−1T =











cos θji − sin θji cos αji sin θji cos αji aji cos θji

sin θji cos θji cos αji − cos θji cos αji aji sin θji

0 sin αji cos αji dji

0 0 0 1











(2)

This homogeneous transformation matrix TFj describes the position and orientation of the local

coordinate system Kjn at the tip of the finger j with respect to the base coordinate system Kj0 [44].

The matrix is calculated from the product of all Denavit-Hartenberg-matrices of the kinematic chain

according to equation (3):

TFj =
jn
j0T =

n

∏
i=1

ji
ji−1T (3)
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2.4. Hand Size Examination

The anthropological parameters of the hand, especially the lengths of the fingers, have been

examined to lay out the size of SenGlove. Thereby, it must be taken into account that the dorsal skin at

the joints stretches when the fingers are flexed [43,45]. The maximum possible length of the fingers and

phalanges is relevant for the selection of sensors for the developed sensor concept (see section 2.6). For

the following investigations and estimations, the middle finger is used as a reference, as it is usually

the longest finger of the hand [46]. Table A1 contains the values of middle finger lengths for women

and men for different percentiles as determined by [46]. Length of the middle finger was measured as

the distance from the tip of the finger to the midpoint of MCP joint, with the finger fully extended.

The stretching of the skin when the middle finger is bent results in an increase in length ∆L of the skin

along the longitudinal axis of the finger, which is decisive for the choice and placement of sensors

on the hand [43,45]. The anatomy of finger joints shows that the articulating surfaces of a joint have

different radii of curvature [47]. Accordingly, the axis of rotation of the finger joints is not a fixed axis,

but a helical axis [48] that shifts during flexion and extension of the joint. According to [43], these

displacements are negligible compared to the dimensions of the finger. [47] determined maximum

displacements of the axes of rotation of 1 mm in the MCP joint, 0.13 mm in the PIP joint, and 0.19 mm

in the DIP joint. This allows to assume the axis of the rotation of the finger joints to be stationary, and

to model the rotation of the joints by rotating a circular disc of constant radius R (see Figure 3).

∆L

R

θ

Figure 3. Increase in length ∆L of the skin over the finger joint due to flexion. Depending on radius of

the joint R and deflection angle Θ.

The increase in length ∆L can be calculated with the deflection angle Θ, and the radius R of the

joint as the arc length according to equation (4):

∆L =
2πθ

360◦
· R (4)

Following equation (4), the maximum increase in length for the MCP, PIP and DIP joints

of a middle finger is calculated for different percentiles in men and women. For θ, the angular

data of maximum flexion according to [39] are used (see Table A2). Radius R is derived from the

anthropometric studies on finger thickness at the location of the joints, according to [46]. Results are

given in Table A3.

Adding the increase in length ∆L for each joint to the length of the extended middle finger

(see Table A1) gives the length of skin that spans the middle finger when it is flexed actively to the

maximum (see Table A4).

In order to validate the sensor concept chosen, it is necessary to determine the distance between

MCP and PIP joint of the middle finger for different percentiles. In the course of literature review

for this paper, no study was found which provides absolute values for the lengths of the individual

phalanges. Instead, [49] gives ratios for distances between finger joints.
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For the distance MPIP MMCP between the centers M of the PIP and MCP joints, and the distance

MDIP MMCP between the centers M of the DIP and MCP joints, the relationship according to equation 5

applies:

MPIP MMCP = (0.58 ± 0.035) · MDIP MMCP (5)

The constant 0.58 is the averaged ratio between the distances. It has a standard deviation of 0.035.

For an approximate calculation of the joint distances, the unknown distance MDIP MMCP is assumed to

be the total length of the relaxed finger. This allows the lengths of phalanges to be estimated upwards.

Table A5 presents the calculated results according to equation (5) for the distance between the PIP

and MCP joint, with the middle finger extended. The distance between the PIP and MCP joint with the

middle finger flexed was determined by adding the increase in length for both joints from Table A3.

The results are shown in Table A6.

2.5. Measurement Parameters

Using the proposed model of the hand (see Figure 1), it is possible to define measurement

parameters that the wearable can record and that can be used to describe the kinematics of the hand.

They are listed in Table 1.

Table 1. Recordable measurement parameter of SenGlove. Fingers numbered I (thumb) to V (pinkie

finger). Joints: Distal Interphalangeal (DIP), Interphalangeal (IP), Metacarpophalangeal (MCP), Proximal

Interphalangeal (PIP).

Finger Measurement Parameter

I..V
flexion-/extension angle MCP joint

(condition touching the palm with fingertip)

I
flexion-/extension angle IP joint

(condition opposition position of finger I)

II..V
flexion-/extension angle PIP joint
flexion-/extension angle DIP joint

Hand Measurement Parameter

back of hand
angular velocity in three axes

linear acceleration in three axes

Apart from the CMC joint in finger I, flexion and extension angles of all joints considered in the

simplified kinematic model may be determined.

In addition, SenGlove can detect contact pressure at all fingertips. While the handling of objects

is not intended with SenGlove this information can be used to determine whether the fingertips of

individual fingers touch the palm of the hand or the thumb. If contact pressure is detected for all four

long fingers, this is evidence that the wearer’s hand has been closed. In case of finger I this means, that

the thumb is in opposition position. Angular velocity and linear acceleration are measured in all three

axes, each at the back of the hand, to determine the movement of the whole hand.

2.6. Sensor concept

The sensor principle of SenGlove is based on a total of ten flex sensors, five pressure sensors, and

one IMU (see Figure 4). There are five long and five short flex sensors, two sensors for each finger. The

long sensors are realized with 1-Axis Soft Flex Sensors from Bend Labs®, and the short sensors with

flex sensors (FS-L-0055-253-ST) from Spectra Symbol®. Both sensor models are used to measure the

flexion and extension angles of the finger joints. The Spectra Symbol® sensors are placed over each

MCP joint. They have an active length of 55 mm, and therefore are long enough to cover the joint for
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every hand size (see Table A6). Due to their limited permitted active length of 130 mm, three different

position variants of the Bend Labs® sensors are chosen, depending on the size of the user’s hand

(see Figure A2). The variants consider the increase in length while bending the finger joints and the

calculated distances between PIP and MCP joints (see Table A6). With the linear constraint according

to equation (1) and the two measured angles per finger, flexion and extension angles of each joint of a

finger can be determined.

b)a)

Figure 4. Final sensor concept of SenGlove. Variant shown: small-sized hands with a textile support

structure for the hand (grey). a) dorsal view with inertial measurement unit (green), bending sensors

for the flexion of an entire finger (black), bending sensors for the flexion of the MCP joint (orange), b)

palmar view with pressure sensors (blue).

The variant for small-sized hands provides that the Bend Labs® sensors span the MCP, PIP and

DIP joints of the fingers II to V and the MCP and IP joints of finger I (see Figure A2 a). They measure

the combined flexion and extension angles of three and two joints, respectively. This variant even is

suitable for women of the first percentile.

In the variant for medium-sized hands, the Bend Labs® sensors span the MCP and PIP joints of

Finger II to V (see Figure A2 b). This variant fits men up to the 99th percentile. From the fifth percentile

for men and the 95th percentile for women, a stretching of the sensors is necessary to compensate for

the increase in length.

The variant for large-sized hands is suitable, on the one hand, for wearers whose hands are larger

than those of the 99th percentile of men. On the other hand, it offers an alternative for users of the

variant for medium-sized hands, where the sensors stretch when the fingers are flexed. With this

variant, the Bend Labs™ sensors span the PIP joint of the fingers II to V and the IP joint of finger I (see

Figure A2 c).

Pressure sensors are installed on the wearable’s fingertips to detect the touch of the fingers with

the palm and the opposition position of the thumb. The force sensing resistors (FSR) are used as

digital switches. Those switches are toggled when the electrical resistance of the sensors has reached a

threshold value.

The IMU sensor is mounted on the back of the wearable’s hand to detect the orientation of the

user’s hand in space.
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2.7. Mechanical structure

For SenGlove, a support structure consisting of a textile glove was selected (cp. design variants

in Appendix A). The chosen glove is a ReliefGrip™ from Bionic Glove Technologies [50]. The glove

chosen is equipped with movement zones made of thin breathable fabric, which are placed above each

finger joint, to minimize the restriction of freedom of movement of the fingers (see Figure 10). A Velcro

strap prevents the glove from slipping off the hand (see Figure 9). The glove is commercially available

for both men and women in six different sizes. Each version can be used for the wearable.

Two different attaching methods for the sensors are used. On the one hand, the pressure sensors

were put into tubes made of elastic fabric, which were glued directly onto the glove (see Figure 10).

On the other hand, in addition to the elastic tubes, Velcro strips were used for the flex sensors and

the IMU sensor (see Figure 9). All electronic components can be detached from the glove so that it is

machine washable.

The electrical connectors of the two flex sensors on each finger are stacked on each other.

Nevertheless, the mountings of the two sensor types differ. Fixed and floating bearings are used

for the Spectra Symbol® sensor (see Figure 5). The fixed bearing is located exactly above the MCP

joint of a finger. It consists of a tube of elastic fabric glued to the glove. The diameter of the hose is

selected in a way that the sensor is clamped in it and can not slide. The position of the fixed bearing

guarantees that the axis of rotation of the flex sensor has a constant position above the MCP joint. The

sensor is inserted into the fixed bearing in such a way that the bearing is in the center of the sensor.

As a result, the bending of the sensor is symmetrical to its center and over the entire active length.

The floating bearings of the sensor mounting are located at the sensor ends. They consist of inelastic

material, through which the sensor is pushed, and which have no clamping effect. The tube for the

distal sensor end is directly glued onto the glove. The tube for the proximal sensor end is fixed with a

Velcro strap, so that its position is easily adjustable. Due to the two floating bearings at the ends of the

sensor, the sensor can move relatively to the glove when the fingers are bent, compensating for the

increase in length ∆L during finger flexion.

fixed bearing
above MCP joint

floating bearing 1
base phalanx

MCP joint

metacarpal

floating bearing 2

Spectra Symbol
flex sensor

elastic fabric tube

Figure 5. Principle of sensor mounting for the Spectra Symbol® flex sensor. A mixture of fixed

and floating bearings secure a symmetrical bending of the sensor over the joint. Shown for the

Metacarpophalangeal (MCP) joint.

No floating bearings are required for the Bend Labs® sensors, as their flexibility allows them to

stretch and compress. Fixed bearings made of elastic tubes are used at both sensor ends. The bearings

are fixed with Velcro straps. The distal bearing is placed directly on the glove. The proximal bearing is

on top of the electrical connector of the Spectra Symbol® sensor. The sensors are placed in such a way

that they do not stretch, when the fingers are flexed to the maximum extent. Instead, the sensors are

compressed and lift off the fingers in an arc when the fingers are stretched.

For optimized wearing comfort, the components of the wearable with the largest mass are worn

proximally on the arm. The Arduino and the battery pack are stowed in a carrying bag that is strapped

around the upper arm.
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2.8. Electronical structurce

Further electronic components of the proposed wearable are the following:

• microcontroller (Arduino Nano® RP2040 Connect)
• Bluetooth® module (HC-06)
• pressure sensors (Interlink Electronics® FSR 400 Short)
• IMU sensor (Adafruit® 9-DOF Orientation IMU BNO085)
• low current lithium-ion battery pack (Tenergy® 51126)

All sensors of SenGlove are connected to the Arduino via a three part wiring harness (see Figure

6). The Arduino microcontroller is used to read out the sensors and to send their measurement data

wirelessly to a personal computer (PC) using an additional Bluetooth® module. All connections

between the electric components are shown in Figure 7. The Bluetooth® module uses the Bluetooth®

classic protocol. With this protocol, a higher transmission rate could be achieved compared to the

Bluetooth® Low Energy (BLE) protocol used by the Bluetooth® module onboard of the Arduino Nano®

RP2040 Connect.

multiplexer

Molex Micro-Fit
connector

JST-GH
connector

JST-SH
connector

to the connections
of the Arduino

Figure 6. Wiring harness of SenGlove.

Voltage dividers and the internal analog-digital converter (ADC) of the Arduino are used to read

out the analog signals of each Spectra Symbol® sensor and pressure sensor, respectively. Since the

Arduino has a total of eight analog inputs, the five bend and pressure sensors can not be connected

directly to the Arduino. Therefore, two multiplexers are installed, which are used to read the signals

successively via one analog input each.

The Bend Labs™ sensors have a direct interface to a I2C bus, and do not require further electronic

components to be read out.

All electronic components of the wearable are powered by a lithium-ion battery pack, which is

connected to the USB port of Arduino. The battery pack provides a maximum current of 1 A at a

voltage of 5 V. The Bend Labs® sensors, the IMU sensor and the Arduino work with an operating

voltage of 3.3 V. The onboard step-down converter of the Arduino is used to convert 5 V to 3.3 V. The

Spectra Symbol sensors, the pressure sensors and the corresponding voltage dividers are powered by

5 V.
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5x Bend Labs®

1-Axis Soft Flex Sensors

Adafruit®

9-DOF BNO085 IMU Sensor

5x Spectra Symbol®

FS-L-0055-253-ST Flex Sensors

voltage

divider

SparkFun®

74HC4051 MUX

5 x Interlink Electronics®

FSR 400 Short Pressure Sensors

voltage

divider

SparkFun®

74HC4051 MUX

Arduino Nano®

RP2040

Connect

lithium-ion battery pack

Tenergy® 51126

Bluetooth® module

HC-06

PC

I2C

analog signal

analog signal

5 V

serial port

Bluetooth®

Classic

Arduino IDE

MATLAB
®

Figure 7. Electronic components and signal structure of SenGlove.

2.9. Software

Two kind of programs are implemented for the wearable. One is an Arduino sketch which

is running on the Arduino. The other one is a MATLAB® script which is running on a PC that is

connected to the Bluetooth® module.

The Arduino sketch is written with the Arduino IDE (version 1.8.15). The program is used to

read the sensors of SenGlove, perform the necessary operations to calculate the angles of each finger

joint, and send the data of all sensors to a PC via the Bluetooth® module. The electronic components

associated with each program are marked in Figure 7.

The MATLAB® script is written with MATLAB® version R2021a. The script creates a graphical

user interface (GUI) through which the collection of the measurement data can be controlled. For each

of the five fingers, for the accelerometer and the gyroscope of the IMU there are plots provided in

which the corresponding data is displayed. The GUI can also be used to save the data. Besides the

plots, there is the option to animate the temporal progression of the angle changes by a 3D model of a

hand (see Figure 14). The MATLAB® Toolbox SynGrasp is used to implement the animation [51].

2.10. Validation method

Measurement accuracy

To validate the measurement accuracy of SenGlove, several measurements were performed with a

setup were fingers I to III were sensorized. During the measurements, the wearable was connected to a

PC via cable and the USB interface of the Arduino. All angle measurements were performed according

to the neutral-zero method [39].

For finger I, the MCP joint of the thumb is flexed at an angle θMCP,set, which remains unchanged

throughout the series of measurements. The value of the angle can assume multiples of ten in a

measurement range from 0◦ to 50◦. Subsequently the IP joint is flexed in 10◦ steps in a range from 0◦
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to 90◦. At each step, the wearer keeps the position of his thumb constant while the wearable takes

50 measurements at 100 ms intervals. An analog finger goniometer was used to set the angles (cp.

Figure A3).

For finger II and III the procedure was analogue to finger I. The measuring range for the MCP

joint is between 0◦ and 70◦ and 0◦ and 80◦, respectively. The angle was increased in 10° steps for each

new measurement series. The angle of the PIP joint was increased from 0◦ to 90◦ in 10◦ increments.

The angle was initially set with an analog finger goniometer and controlled by an angle template

during the measurement (see Figure A3). To complete the series of measurements, the angle of the DIP

joint was measured. Since the DIP and PIP joints are coupled with each other, no angle θDIP,set was

specified for this joint. Instead, the angle of the DIP joint was assumed after θPIP,set was set, which was

directly measured with an analog finger goniometer.

Runtime

Runtime measurements for the Arduino sketch were performed to validate the software. The

Arduino was connected with the receiver PC via Bluetooth® Classic and the sensor data sent were

received by the MATLAB® script. A transmission confirmation message was implemented in the

Arduino sketch to measure transmission delay between the Bluetooth® module and the receiver PC.

This message is displayed on the serial monitor when the transmission of a data packet via Bluetooth®

is completed. In addition, the MATLAB® script sends a message to the Arduino confirming the receipt

of the packet as soon as a data packet has been read out from the serial port. This receipt confirmation is

also displayed on the serial monitor. The Arduino will not give out a new sent confirmation until it has

received a confirmation of receipt. The time difference between the two messages can be determined

with the time stamps of the serial monitor. Transmission delay is half of this time difference, assuming

that the transmission of the data packet takes the same time as the transmission of the confirmation.

3. Results

3.1. Final Design

The final design of SenGlove – with sensors for fingers I and II – is shown in Figures 8 to 11 for a

medium-sized right hand (cp. Section 2.6 and Figure A2). It sensorizes the MCP and IP joints of finger

I and the MCP, PIP and DIP joints of finger II. It can measure the flexion and extension angles of each

of these joints with a maximum root-mean-square error (RMSE) of less than 2.4◦ - see section 3.3. In

the full setup of SenGlove (see Figures A7 to A9) ten flex sensors, five pressure sensors, and an inertial

measurement unit with an accelerometer and a gyroscope are used. Fingers III to V are equipped and

regarded analogue to finger II.

All sensors are connected to an Arduino microcontroller. The sensor data is transmitted via

Bluetooth® Classic to a PC, which runs a MATLAB® Script. It generates a GUI and a plot for each

finger, which displays the data as a livestream. The system is modular, so that only the sensors that

are required for the specific task need to be installed. The sensors are attached to a glove that acts

as a textile support structure. The size of the glove and the position of the sensors can be adjusted

depending on the size of the wearer’s hand. The wearable can be fitted to a woman in the 5th percentile

and a man in the 95th percentile. Data can be displayed as life plots in a GUI. As alternative to display

the data, a 3D animation of the measured hand movement can be generated – see section 3.4.
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data glove wiring harness

carrier bag

battery pack

Bluetooth®

modul
Arduino

Figure 8. Overview over SenGlove. Realization shown for a medium-sized right hand with two fingers

equipped with sensors. Carrier bag used to store the battery pack and the Arduino can be strapped to

the upper arm.

IMU sensorVelcro strap

Bend Labs®

flex sensor ISpectra Symbol®

flex sensor II

Figure 9. SenGlove in dorsal view. Realization shown for a medium-sized right hand with two fingers

equipped with sensors.
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Interlink Electronics®

pressure sensor II

movement zone

Figure 10. SenGlove in palmar view. Realization shown for a medium-sized right hand with two

fingers equipped with sensors.

Figure 11. SenGlove in lateral view. Realization shown for a medium-sized right hand with two fingers

equipped with sensors.
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3.2. Power consumption and mass

SenGlove is powered with 5 V, supplied by the battery pack. The maximum current is 30 mA.

Therefore, the power consumption of the wearable is 150 mW. The battery pack has a capacity of

2500 mA h. Thus, battery life of the wearable is theoretically approximately 83 h with a fully charged

battery.

Total mass of the SenGlove with all its components is 270 g. The highest part of the mass is

provided by the components in the carrying bag on the wearer’s upper arm. Together with the

surrounding bag, they weigh 177 g. The glove with sensors attached but without the wiring harness

weighs 58 g.

3.3. Measurement accuracy and runtime

The single results for the achieved measurement accuracy are shown in Appendix E (Finger I), F

(Finger II) and G (Finger III). The reference lines in the plots show the course of the data for an ideal

measurement with no measurement deviation. Due to the stiffness of the ReliefGrip™ glove, not all

angle combinations could be set while using the wearable. Therefore, the results do not cover the full

range of values.

Table 2 illustrates the combined RMSE for finger I to III depending on the joint. Especially for

finger I and the MCP and PIP joints of finger II and finger III low RMSE values of less than 1◦ can be

shown. Only the measurements of the DIP joints and thereby the combined value for the MCP, PIP

and DIP joint show a higher RMSE with values up to 2.39◦. Figure 12 shows a graphical illustration

of the results of the runtime measurements (see section 2.10) as a timeline for each sensor read out,

sending and displaying the data. All sensors value can be read out and calculate in less than 21 ms per

loop. The longest time span of 523 ms to 577 ms appears as a transmission delay between Arduino and

MATLAB®. The achieved run time of 20 ms to 21 ms per loop, results in a sampling frequency of 47 Hz

to 50 Hz for SenGlove in general.

Table 2. Root-mean-square error of all measurements for finger I (thumb) to finger III (middle finger).

Joints: Carpometacarpal (CMC), Distal Interphalangeal (DIP), Interphalangeal (IP), Metacarpophalangeal

(MCP), Proximal Interphalangeal (PIP).

root-mean-square error

MCP joint IP joint MCP a. IP joint

Finger I 0.96◦ 1.03◦ 0.99◦

MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

Finger II 0.72◦ 0.90◦ 2.39◦ 1.53◦

Finger III 0.32◦ 0.50◦ 2.34◦ 2.38◦
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Figure 12. Timeline with runtime measurement results for the Arduino sketch.

3.4. Variants of Visualization

The implemented MATLAB® script for SemGlove generates a GUI that offers two variants for

visualizing the data. While running measurements, the GUI displays the data of the IMU sensor

and the flex sensors in seven different live plots (see Figure 13). The status of the pressure sensor at

each fingertip is displayed via a lamp. If a sensor is pressed, the corresponding lamp lights up green,

if not, it lights up red. Transmission delay between the Arduino and the PC which is running the

MATLAB® script is less than 600 ms (see Figure 12). The data of the live plots can be stored for further

investigation and visualization.

Based on the measured joint angles, a 3D animation of a moving hand can be generated. It

displays the temporal progression of the angle changes in three-dimensional space (see Figure 14).

4. Discussion

With the presented wearable SenGlove it is possible to measure 14 of 15 angular values of the

simplified hand model (cp. section 2.2). Additionally, five contact pressures as well as inertial data of

the whole hand with a DoF of 6 can be measured. With SenGlove it is possible to determine the angles

of all finger joints of the hand digitally and simultaneously. The RMSE achieved for the joint angles

on finger I is 0.99◦, for finger II 1.53◦ degrees and for finger III 2.38◦. The accuracy for the fingers IV

and V are assumed to be comparable to the shown results for finger II and III. The results show that

despite the simplifications made, a high measurement accuracy could be achieved. According to [42],

the human perception threshold for the angles of the finger joints is 2.5◦. The results show that the

wearable’s measurement accuracy for each joint is below this threshold. Accordingly, the wearable

is able to measure the angles of the finger joints more accurately than a person can perceive them

themselves.
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Figure 13. GUI of the MATLAB® script for SenGlove. Menue at the top to scan for devices (Scan),

connect to a device (Connect), start reading data (Read), pause reading data (Pause), store read data

(Save), display of the current sampling frequency (Sampling frequency) and to start the 3D animation

of the hand (Start animation). In center: Simplified kinematic model of a human hand with a degree of

freedom of 15. Fingers numbered I (thumb) to V (pinkie finger). Joints: Carpometacarpal (CMC), Distal

Interphalangeal (DIP), Interphalangeal (IP), Metacarpophalangeal (MCP), Proximal Interphalangeal (PIP).

Global coordinate system with the axes x
′

0, y
′

0 and z
′

0. Subplots (from left to right) for linear acceleration

of the hand (accelerometers), angle in degree for Finger I to V with pressure information for each finger

underneath (green = threshold exceeded, red = threshold not exceeded), angular velocity of the hand

(gyroscopes).

In literature, there are only a few implementations that can measure all finger joints of the hand.

Their measurement accuracy varies greatly. Most results are between 2 and 7 degrees [29–32,34].

[33] achieved the highest angular accuracy with an average error of 0.89. However, this result was

only achieved on a mechanical test rig and only for one pair of sensors. The sensor concept was not

validated with the designed wearable on a human hand. Compared with the investigated sources,

SenGlove demonstrates the highest measurement accuracy for measuring finger joint flexion angles on

a non-visual basis in an application without a test rig.

However, the measurement results obtained must be considered in relation to the validation

method used. An analog finger goniometer was used, with a measuring scale divided into 5◦ sections.

The basic assumption for the reading uncertainty of a measuring instrument corresponds to half of the

smallest scale unit. In the case of the finger goniometer used, angle measurements can be performed

with an uncertainty of ±2.5◦ (without taking into account the compliance incoupling the device to the

finger which is not to be dicussed here, since no goldstandard does exist). With the designed wearable,

measured values can be specified with up to two decimal places. It is not possible with the analog

finger goniometer to validate the measurement results of the wearable with certainty.

Since the proposed wearable is intended to be used by many people and only minimal individual

adaptation to the wearer should be required, the approximated linear relationship from equation (1) is

used. This constraint condition can only be seen as a simplified approximation. Among others, [45]

investigated the relationship between the joints and was able to show that it can be described more
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precisely with a second-degree polynomial. Moreover, the coefficients of this polynomial are different

for each person and, according to [45] must be determined individually through experiments.

Figure 14. Series of screenshots of the 3D animation of a handmodel using the MATLAB® toolbox

SynGrasp [51]. Finger II has been flexed and extended. Data stream shown in the subplot at the top

with angle value (in degree) for the Distal Interphalangeal (DIP), Metacarpophalangeal (MCP), Proximal

Interphalangeal (PIP) joint as well as overall bending of the finger (Bend II).

We proposed a modular design. The textile support structure can be adapted to the hand size of

the wearer as well as the position of the sensors. The wearable can be equipped with sensors for any

combination of fingers of the hand. This helps to save and adjust costs when not all fingers have to be

measured. Figures A7, A8 and A9 show the proposed wearable with sensors for five fingers attached

(cp. Figures 9, 10 and 11). Furthermore, the results show that the used glove restricts the range of

motion of the finger joints, due to the lower deformability of the support structure compared to the

human skin.

5. Conclusions

In this contribution we could show, that – although using just commercial available components –

(bio-)mechatronic principles can be utilized to create a cost-effective and size adaptable design for a

wearable for the human hand with a high measuring accuracy. Despite this fact, SenGlove can only be

seen as a technical prototype and functional model so far.

For future technical applications (cp. section 1.1) additional developments and optimizations

have to be made – e.g. to document rehabilitation progress the range of motion of SenGlove has to

be increased by using a more elastic and thinner support structure, for example made of rubber or

silicone. To use SenGlove to translate sign language, problems like user acceptance, the number of

different languages and the need for large libraries or training have to be addressed [52]. Thus, the use

of SenGlove as an input device for different technical applications, like the programming or control of

robots, seems to be closest.

Furthermore, SenGlove can be used as platform for general technical developments or scientific

research. E.g. the integration of additional sensor modalities or research on sensor fusion algorithms
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[53], deep learning [20] or different methods to determine specific gestures out of the raw data stream

[54]. It could also be considered to combine the support structure with the sensors and use e-textile

technology for the wearable (cp. [55–58] or to discuss the integration of actoric components [13,24].

Additional challenges for such wearables like washability or the standardization of their development

(cp. [3]) also need to be adressed in the future.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-Digital-Converter

BLE Bluetooth® Low Energy

CMC Carpometacarpal

DH Denavit-Hartenberg

DIP Distal Interphalangeal

DOAJ Directory of Open Access Journals

DoF Degree of Freedom

FSR Force Sensing Resistor

GUI Graphical User Interface

IDE Integrated Development Environment

IMU Inertial Measurement Unit

IP Interphalangeal

MCP Metacarpophalangeal

MDPI Multidisciplinary Digital Publishing Institute

MUX Multiplexer

PC Personal Computer

PIP Proximal Interphalangeal

USB Universal Serial Bus

VDI Verein Deutscher Ingenieure
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Appendix A — Design Variants

b)

a)

electrode

wristband

glove hand strap

Figure A1. Types of wearables for the human hand or lower arm in dorsal view. Mechanical support

structures shown in grey. a) Wearables for the hand. Left: gloves. Right: hand straps. b) Wearables for

the lower arm using wrist straps or additional elements, like electrodes for electromyography.

c)a) b)

Figure A2. Position variants of the flex sensors (black), depending on the size of the user’s hand in

dorsal view. Additional elements shown: mechanical support structure (grey), inertial measurement

unit (green), bending sensors for the flexion of the Metacarpophalangeal joint (orange). a) Variant for

small-sized hands b) Variant for medium-sized hands c) Variant for large-sized hands
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Appendix B — Finger Anthropometry

Table A1. Finger length of extended middle finger for men and women according to [46].

1st percentile 5th
percentile

50th
percentile

95th
percentile

99th
percentile

men 102.0 mm 105.0 mm 114.0 mm 123.0 mm 127.0 mm
women 89.0 mm 92.0 mm 101.0 mm 110.0 mm 114.0 mm

Table A2. Range of motion of the Distal Interphalangeal (DIP), Metacarpophalangeal (MCP), Proximal

Interphalangeal (PIP) joints according to [39].

Flexion/Extension Finger II to V

MCP 90◦/0◦/45◦

PIP 110◦/0◦/0◦

DIP 80◦/0◦/5◦

Table A3. Radii of the middle finger joints Distal Interphalangeal (DIP), Metacarpophalangeal (MCP) and

Proximal Interphalangeal (PIP) according to [46] and resulting increase of skin length over them.

men

joint radius 1st percentile 5th
percentile

50th
percentile

95th
percentile

99th
percentile

MCP 14.0 mm 14.7 mm 16.5 mm 18.3 mm 19.0 mm
PIP 8.5 mm 8.9 mm 10.0 mm 11.1 mm 11.5 mm
DIP 6.5 mm 6.9 mm 8.0 mm 9.1 mm 9.5 mm

increase in
length

1st percentile 5th
percentile

50th
percentile

95th
percentile

99th
percentile

MCP 22.0 mm 23.1 mm 25.9 mm 28.7 mm 29.8 mm
PIP 16.3 mm 17.1 mm 19.2 mm 21.3 mm 22.1 mm
DIP 9.1 mm 9.6 mm 11.2 mm 12.7 mm 13.3 mm

women

joint radius 1st percentile 5th
percentile

50th
percentile

95th
percentile

99th
percentile

MCP 12.0 mm 12.6 mm 14.0 mm 15.4 mm 16.0 mm
PIP 7.5 mm 7.8 mm 8.5 mm 9.2 mm 9.5 mm
DIP 5.5 mm 5.8 mm 6.5 mm 7.2 mm 8.0 mm

increase in
length

1st percentile 5th
percentile

50th
percentile

95th
percentile

99th
percentile

MCP 18.8 mm 19.8 mm 22.0 mm 24.2 mm 25.1 mm
PIP 14.4 mm 15.0 mm 16.3 mm 17.7 mm 18.2 mm
DIP 7.7 mm 8.1 mm 9.1 mm 10.1 mm 11.2 mm
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Table A4. Total length of skin over the middle finger at maximum flexion.

1st percentile 5th percentile 50th percentile 95th percentile 99th percentile

men 149.4 mm 154.8 mm 170.3 mm 185.8 mm 192.2 mm
women 129.9 mm 134.9 mm 148.4 mm 161.9 mm 168.5 mm

Table A5. Distance between the Proximal Interphalangeal (PIP) and Distal Interphalangeal (DIP) joint with

extended middle finger.

1st percentile 5th percentile 50th percentile 95th percentile 99th percentile

men 59,2 ± 3.6 mm 60,9 ± 3.7 mm 66,1 ± 4.0 mm 71,3 ± 4.3 mm 73,7 ± 4.5 mm
women 51,6 ± 3.1 mm 53,4 ± 3.2 mm 58,6 ± 3.5 mm 63,8 ± 3.9 mm 66,1 ± 4.0 mm

Table A6. Distance between the Proximal Interphalangeal (PIP) and Distal Interphalangeal (DIP) joint with

flexed middle finger.

1st percentile 5th percentile 50th percentile 95th percentile 99th percentile

men 97,5 ± 3.6 mm 101,1 ± 3.7 mm 111,2 ± 4.0 mm 121,3 ± 4.3 mm 125,6 ± 4.5 mm
women 84,8 ± 3.1 mm 88,2 ± 3.2 mm 96,9 ± 3.5 mm 105,7 ± 3.9 mm 109,4 ± 4.0 mm

Appendix C — Denavit-Hartenberg-Parameters

Table A7. Denavit-Hartenberg-parameters for fingers I to V according to the newly introduced

simplified hand model. Joint angle θji, joint distance dji, link length aji and link twist angle αji

for joint axis ji with finger number j and joint number i.

joint ji θji dji aji αji

j1 θj1 0 lj1 0◦

j2 θj2 0 lj2 0◦

j3 θj3 0 lj3 0◦
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Appendix D — Validation Setup

Figure A3. Validation setup for SenGlove. Using an analog finger goniometer, the target angles θMCP,set

and θPIP,set were set at the Metacarpophalangeal (MCP) and Proximal Interphalangeal (PIP) joint of the

finger and kept constant during a series of measurements. In this figure a measurement for finger II

with θMCP,set = 40◦, θPIP,set = 30◦ is shown. Compliance with these angles was checked using the

finger goniometer and an angle template. After completion of the validation measurement, the angle

of the Distal Interphalangeal (DIP) joint was measured with the finger goniometer, which was set due to

the coupling to the PIP joint.
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Appendix E — Measurement Accuracy of Finger I
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Figure A4. Accuracy of measurement for finger I. Joint angles θ set for the Metacarpophalangeal (MCP)

joint from θMCP,set = 0◦ to θMCP,set = 50◦ and for the Interphalangeal (IP) joint θIP,set. Joint angles

θMCP,actual and θIP,actual measured with SenGlove.
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Table A8. Results of the measurement series on the measurement accuracy of the joint angles

of finger I. Measurement series sorted in dependence of the predetermined angle θMCP,set for the

Metacarpophalangeal joint. Results shown are the maximum positiv ∆θ
+
max and negativ ∆θ

−
max deviations,

as well as the root-mean-square error (RMSE). Joints: Interphalangeal (IP), Metacarpophalangeal (MCP).

measurement series θMCP,soll = 0◦

parameter MCP joint IP joint MCP a. IP joint

∆θ
+
max 1◦ 1.69◦ 1.69◦

∆θ
−
max 0◦ −0.31◦ −0.31◦

RMSE 0.56◦ 0.71◦ 0.64◦

measurement series θMCP,set = 10◦

parameter MCP joint IP joint MCP a. IP joint

∆θ
+
max 2◦ 3.01◦ 3.01◦

∆θ
−
max −3◦ −1.27◦ −3◦

RMSE 0.66◦ 1.00◦ 0.84◦

measurement series θMCP,set = 20◦

parameter MCP joint IP joint MCP a. IP joint

∆θ
+
max 2◦ 3.79◦ 3.79◦

∆θ
−
max −3◦ −1.71◦ −3◦

RMSE 1.08◦ 1.21◦ 1.15◦

measurement series θMCP,set = 30◦

parameter MCP joint IP joint MCP a. IP joint

∆θ
+
max 1◦ 2.76◦ 2.76◦

∆θ
−
max −2◦ −2.18◦ −2.18◦

RMSE 0.97◦ 1.22◦ 1.10◦

measurement series θMCP,set = 40◦

parameter MCP joint IP joint MCP a. IP joint

∆θ
+
max 1◦ 3.03◦ 3.03◦

∆θ
−
max −3◦ −2.20◦ −2.20◦

RMSE 1.19◦ 1.10◦ 1.14◦

measurement series θMCP,set = 50◦

parameter MCP joint IP joint MCP a. IP joint

∆θ
+
max 1◦ 2.23◦ 2.23◦

∆θ
−
max −2◦ −2.34◦ −2.34◦

RMSE 1.13◦ 0.87◦ 1.01◦

measured values of all measurement series

parameter MCP joint IP joint MCP a. IP joint

∆θ
+
max 2◦ 3.79◦ 3.79◦

∆θ
−
max −3◦ −2.34◦ −3◦

RMSE 0.96◦ 1.03◦ 0.99◦
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Appendix F — Measurement Accuracy of Finger II
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Figure A5. Accuracy of measurement for finger II. Joint angles θ set for the Metacarpophalangeal (MCP)

joint from θMCP,set = 0◦ to θMCP,set = 70◦ and for the Proximal Interphalangeal (PIP) joint θPIP,set.

Reference for the Distal Interphalangeal (DIP) joint θDIP,set calculated in dependence of θPIP,set. Joint

angles θMCP,actual and θPIP,actual measured with SenGlove. θDIP,actual calculated in dependence of

θPIP,actual .
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Table A9. Results of the measurement series on the measurement accuracy of the joint angles of

finger II. Measurement series sorted in dependence of the predetermined angle θMCP,set for the

Metacarpophalangeal joint. Results shown are the maximum positiv ∆θ
+
max and negativ ∆θ

−
max deviations,

as well as the root-mean-square error (RMSE). Joints: Distal Interphalangeal (DIP), Metacarpophalangeal

(MCP), Proximal Interphalangeal (PIP).

measurement series θMCP,set = 0◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 2◦ 2.55◦ 3.85◦ 3.85◦

∆θ
−
max −1◦ −16.06◦ −5.42◦ −16.06◦

RMSE 0.46◦ 1.15◦ 2.43◦ 1.57◦

measurement series θMCP,set = 10◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 3◦ 2.90◦ 4.87◦ 4.87◦

∆θ
−
max −2◦ −1.91◦ −4.87◦ −4.87◦

RMSE 1.00◦ 1.18◦ 2.60◦ 1.75◦

measurement series θMCP,set = 20◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 2◦ 1.76◦ 4.23◦ 4.23◦

∆θ
−
max −2◦ −1.05◦ −5.57◦ −5.57◦

RMSE 0.71◦ 0.81◦ 2.25◦ 1.44◦

measurement series θMCP,set = 30◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 2◦ 1.54◦ 4.36◦ 4.36◦

∆θ
−
max −1◦ −1.52◦ −5.67◦ −5.67◦

RMSE 0.64◦ 0.62◦ 2.30◦ 1.43◦

measurement series θMCP,set = 40◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 1.85◦ 3.97◦ 3.97◦

∆θ
−
max −1◦ −1.42◦ −5.15◦ −5.15◦

RMSE 0.65◦ 0.81◦ 2.24◦ 1.42◦

measurement series θMCP,set = 50◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 2.15◦ 4.30◦ 4.30◦

∆θ
−
max −1◦ −1.00◦ −5.67◦ −5.67◦

RMSE 0.57◦ 0.71◦ 2.36◦ 1.46◦

measurement series θMCP,soll = 60◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 2◦ 1.99◦ 4.36◦ 4.36◦

∆θ
−
max −2◦ −3.93◦ −5.11◦ −5.11◦

RMSE 0.89◦ 0.92◦ 2.49◦ 1.62◦
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measurement series θMCP,soll = 70◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 1.71◦ 4.05◦ 4.05◦

∆θ
−
max −1◦ −0.77◦ 1.16◦ −1◦

RMSE 0.61◦ 0.55◦ 2.79◦ 1.68◦

measured values of all measurement series

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 3◦ 2.90◦ 4.87◦ 4.87◦

∆θ
−
max −2◦ −16.06◦ −5.67◦ −16.06◦

RMSE 0.72◦ 0.90◦ 2.39◦ 1.53◦
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Appendix G - Measurement Accuracy of Finger III
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Figure A6. Accuracy of measurement for finger III. Joint angles θ set for the Metacarpophalangeal

(MCP) joint from θMCP,set = 0◦ to θMCP,set = 80◦ and for the Proximal Interphalangeal (PIP) joint θPIP,set.

Reference for the Distal Interphalangeal (DIP) joint θDIP,set calculated in dependence of θPIP,set. Joint

angles θMCP,actual and θPIP,actual measured with SenGlove. θDIP,actual calculated in dependence of

θPIP,actual .
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Table A10. Results of the measurement series on the measurement accuracy of the joint angles of

finger III. Measurement series sorted in dependence of the predetermined angle θMCP,set for the

Metacarpophalangeal joint. Results shown are the maximum positiv ∆θ
+
max and negativ ∆θ

−
max deviations,

as well as the root-mean-square error (RMSE). Joints: Distal Interphalangeal (DIP), Metacarpophalangeal

(MCP), Proximal Interphalangeal (PIP).

measurement series θMCP,set = 0◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 0.92◦ 3.84◦ 3.84◦

∆θ
−
max 0◦ −1.51◦ −5.13◦ −5.13◦

RMSE 0.04◦ 1.30◦ 2.51◦ 1.46◦

measurement series θMCP,set = 10◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 1.65◦ 4.44◦ 4.44◦

∆θ
−
max −1◦ −1.40◦ −5.68◦ −5.68◦

RMSE 0.20◦ 0.47◦ 2.44◦ 1.44◦

measurement series θMCP,set = 20◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 1.23◦ 3.63◦ 3.63◦

∆θ
−
max −1◦ −1.38◦ −5.92◦ −5.92◦

RMSE 0.20◦ 0.39◦ 2.18◦ 1.28◦

measurement series θMCP,set = 30◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 1.20◦ 4.02◦ 4.02◦

∆θ
−
max −1◦ −1.28◦ −5.52◦ −5.52◦

RMSE 0.35◦ 0.44◦ 2.12◦ 1.27◦

measurement series θMCP,set = 40◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 2.64◦ 3.63◦ 3.63◦

∆θ
−
max −1◦ −1.62◦ −5.11◦ −5.11◦

RMSE 0.38◦ 0.62◦ 2.12◦ 1.29◦

measurement series θMCP,set = 50◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 2.26◦ 4.05◦ 4.05◦

∆θ
−
max −1◦ −1.31◦ −5.27◦ −5.27◦

RMSE 0.50◦ 0.68◦ 2.19◦ 1.36◦

measurement series θMCP,soll = 60◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 1.55◦ 4.05◦ 4.05◦

∆θ
−
max −1◦ −1.21◦ −4.99◦ −4.99◦

RMSE 0.26◦ 0.48◦ 2.18◦ 1.30◦
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measurement series θMCP,soll = 70◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 0◦ 1.74◦ 3.85◦ 3.85◦

∆θ
−
max −1◦ −0.50◦ −5.28◦ −5.28◦

RMSE 0.33◦ 0.57◦ 2.69◦ 1.60◦

measurement series θMCP,soll = 80◦

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 0◦ 1.85◦ −3.76◦ 1.85◦

∆θ
−
max −2◦ −0.15◦ −5.10◦ −5.10◦

RMSE 0.47◦ 0.46◦ 4.87◦ 2.83◦

measured values of all measurement series

parameter MCP joint PIP joint DIP joint MCP, PIP a. DIP joint

∆θ
+
max 1◦ 2.64◦ 4.44◦ 4.44◦

∆θ
−
max −2◦ −1.62◦ −5.92◦ −5.92◦

RMSE 0.32◦ 0.50◦ 2.34◦ 2.38◦
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Appendix H — Fully Sensorized Wearable

Figure A7. SenGlove in dorsal view. Realization shown for a medium-sized right hand with all five

fingers equipped with sensors.

Figure A8. SenGlove in lateral view. Realization shown for a medium-sized right hand with all five

fingers equipped with sensors.
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Figure A9. SenGlove in palmar view. Realization shown for a medium-sized right hand with all five

fingers equipped with sensors.
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