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A B S T R A C T   

It can be inferred from hand-arm impedance analyses that the grip forces of users have a great influence on the 
transmitted vibrations. To determine this influence on test benches, the state of research suggests a cylindrical 
measuring handle. Since this shape is not suitable for all power tool handles, we develop a design for a knob- 
shaped measuring handle. The grip force applied to an orbital sander was measured in a test person study. 
The recorded data was combined with a 3D scan and evaluated by an algorithm which determined the separation 
plane of the measuring handle to integrate the force sensors. This plane is perpendicular to the vector of the 
subjects’ grip forces. Furthermore, it divides the knob-shaped handle of the sander primarily vertically. The 
determination of the separation plane enables the design of a knob-shaped measuring handle for grip force 
measurement to analyze the hand-arm impedance of an overlying hand position.   

1. Introduction 

The long-term vibration exposure of the hand-arm system can lead to 
vascular and neuronal health issues (I 2057 Blatt 2: Einwirk, 2016; Dong 
et al., 2006a; Burstrom, 1997; 5349–1:2001: M, 2001; Wahl et al., 2019; 
Rademacher et al., 1993; Kihlberg and Hagberg, 1997; Vergara et al., 
2008; Bovenzi, 1994; Griffin, 1996; Verberk et al., 1985; Edwards et al., 
2020; Hussein et al., 2019; Vihlborg et al., 2017; Krajnak, 2018; Nata-
letti et al., 2008). Several studies have linked these vibration-related 
health issues of the hand-arm system to the use of power tools (Wahl 
et al., 2019; Kihlberg and Hagberg, 1997; Vergara et al., 2008; Verberk 
et al., 1985; Edwards et al., 2020; Vihlborg et al., 2017; Krajnak, 2018). 
In 2018, Krajank published a review concerning the association between 
occupational vibration exposure and health effects (Krajnak, 2018). In 
terms of hand-transmitted vibrations, Karjank gave an overview of the 
state of research regarding vibration exposure in various industries. In 
the industrial sector of manufacturing, the majority of employees is 
exposed to hand-transmitted vibrations, since different types of power 
tools, such as grinders, drills, and sanders are used (Krajnak, 2018). 
These hand-transmitted vibrations caused by the use of power tools lead 
to vascular and neuronal effects like the reduction of the blood flow and 
tactile sensitivity (Krajnak, 2018). The Raynaud syndrome or so-called 
vibration white finger syndrome is one of the vascular diseases caused 

by vibration exposure (Wahl et al., 2019; Rademacher et al., 1993; 
Bovenzi, 1994; Vihlborg et al., 2017; Krajnak, 2018). Besides this syn-
drome, there are other hand-related neuronal and muscular long-term 
consequences of vibration exposure, e.g. the carpal tunnel syndrome 
(Wahl et al., 2019; Vihlborg et al., 2017). 

Concerning the carpal tunnel syndrome, Vihlborg et al. published the 
results of a field study on the association between vascular, neuronal, or 
muscular diseases and the use of vibrating tools in the Swedish industry 
(Vihlborg et al., 2017). In this study, 68 full-time employees from the 
mechanical industry were interviewed about vibration-related symp-
toms using a questionnaire. In addition, the health status of the em-
ployees was examined with regard to vibration-related diseases 
(Vihlborg et al., 2017). Subjects who showed symptoms of 
vibration-related diseases were examined again after three years. Vihl-
borg et al. identified the use of straight grinders as the main source of 
vibration exposure and measured the vibration level of this power tool 
with a tri-axial accelerometer (Vihlborg et al., 2017). In summary, 21% 
of the subjects in the field study showed symptoms of vibration-related 
disorders, with carpal tunnel syndrome appearing to be overrepresented 
(Vihlborg et al., 2017). DIN EN ISO 5349–1 is an established standard for 
the measurement of vibration exposure (5349–1:2001: M, 2001). A 
central aspect of this ISO standard is the so-called ahv-value, which is 
represented by the square root of the sum of the squared RMS value of 
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the frequency weight acceleration values from each direction. 
Based on the ahv-value, the vibration dose value can be calculated 

(5349–1:2001: M, 2001). In this context, Wahl et al. published a 
manuscript in 2019 in which they plead for a revision of the German 
occupational safety guidelines under consideration of ISO-5349-1 
among other standards (Wahl et al., 2019). In summary, the current 
state of research shows that the vibration exposure of the hand-arm 
system in the work of power tools is a recent problem and leads to 
serious health issues. To understand and prevent these vibration-related 
diseases, the biodynamic response of the hand-arm system to vibration 
exposure must be investigated (5349–1:2001: M, 2001; Adewusi et al., 
2010). In addition, the investigation of the biodynamic responses of the 
hand-arm system is essential for the development of vibration damping 
devices and hand-arm vibration simulators for the assessment of power 
tools (Rakheja et al., 2002; Scarpa et al., 2005). The mechanical 
impedance of the hand-arm system is an established quantity for 
measuring the biodynamic responses of the hand-arm system to vibra-
tion exposure (Dong et al., 2006a; Matthiesen et al., 2014; N 
45679:2013–02: Mechan, 2013; Lindenmann and Matthiesen, 2019; 
Dong et al., 2001; Dong et al., 2006b; Dong et al., 2013; Donget al., 
2012; Aldien et al., 2005a). The mechanical impedance describes the 
resistance of the hand-arm system against vibration (Dong et al., 2005; 
Matysek and Kern, 2009). The impedance can be calculated for trans-
lational and angular vibrations (Dong et al., 2005; Matysek and Kern, 
2009). In the case of translational vibrations, the impedance is the 
complex frequency-dependent quotient of the force amplitude and the 
velocity (Dong et al., 2005). Concerning the rotatory impedance, the 
complex frequency-dependent quotient of the torque amplitude and the 
angle acceleration have to be calculated (Matysek and Kern, 2009). To 
measure and evaluate the impedance of the human hand-arm system 
under laboratory conditions, a test bench with a measuring handle 
attached to a shaker system can be used (Dong et al., 2006a; Linden-
mann and Matthiesen, 2019; Dong et al., 2001; Dong et al., 2006b; Dong 
et al., 2013; Donget al., 2012; Welcome et al., 2004a; Matthiesen et al., 
2018; 10819:2019–5:, 2019). The impedance of the hand-arm system 
depends, among other things, on the coupling force, which the user 
applies to the handle as the source of vibration exposure. The coupling 
force can be defined as the sum of the gripping and the pressing force (N 
45679:2013–02: Mechan, 2013; Kaulbars and Lemerle, 2002; Steffen 
and Kaulbars, 2017; Kaulbars, 2006). 

Since the pressing force is measured by sensors attached to the 
shaker system, the used measuring handle has to be able to measure the 
grip forces applied by the subject. For this purpose, DIN EN ISO 10819 
proposes the use of a cylindrical handle divided into two half cylinders 
with force sensors in between (Dong et al., 2006a; 10819:2019–5:, 
2019). This design of the measuring handle is current state of research 
(Dong et al., 2001, 2006a, 2006b, 2013; Lindenmann and Matthiesen, 
2019). Fig. 1 shows the suggested measuring handle taken from 
(10819:2019–5:, 2019). 

As can be seen in Fig. 1, the geometry of the established measuring 
handle is suitable for representing power tools with a power grip but is 
unsuitable for power tools that have a knob-shaped handle. An example 
of a power tool with a knob-shaped handle is the random orbital sander. 
In regard to the state of research, sanders are relevant sources of hand- 
transmitted vibrations (Rademacher et al., 1993; Vergara et al., 2008; 
Verberk et al., 1985; Vihlborg et al., 2017; Krajnak, 2018; Xu et al., 
2011). In addition, DIN EN-ISO 5349–1 refers, among other things, to a 
gripping position where the hand lies on the top of the handle 
(5349–1:2001: M, 2001). It can be assumed that for a knob-shaped 
handle, the gripping position results in a different coupling between 
the hand and the handle. Due to the shape of the handle, the hand rests 
on the top of the handle instead of closing around the handle as would be 
the case with a cylindrical handle, possibly resulting in a lower gripping 
force. 

Since the impedance of the hand-arm system depends on the gripping 
force, it is expected to change due to the shape of the handle 

(5349–1:2001: M, 2001). 
In case of a cylindrical handle the influence of different handle di-

ameters on the grip force could be shown by Aldien et al. (2005b). For 
this purpose three cylindrical handles with different diameters were 
equipped with a force measuring foil in order to measure the distribution 
of the gripping and contact force on the palm and the fingers (Aldien 
et al., 2005b). From the obtained results Aldien et al. conclude that for a 
larger handle size the subject is encouraged to apply the grip force over 
the entire hand surface (Aldien et al., 2005b). In a similar study 
Welcome et al. also equipped cylindrical handles with a force measuring 
foil in order to measure the grip, push and contact forces of 10 male 
subjects at different handle diameters (Welcome et al., 2004b). Hereby 
the results of Welcome et al. suggest a linear dependence between the 
grip forces and handle diameter. In this context Welcome et al. suggest 
that smaller handle diameters lead to a higher hand-handle interface 
pressure, which is consistent with the conclusions of Aldien et al. 
(Welcome et al., 2004b). 

Fig. 1. Measuring handle for grip forces, top view and exploded view 
(10819:2019–5:, 2019). 



The findings of Aldien et al. and Welcome et al. support the 
assumption of a different coupling for knob-shaped handles, since for a 
knob-shaped handle, the handle’s dimensions are even larger (Aldien 
et al., 2005b). 

In further studies by Marcotte et al. and Aldien et al. the influence of 
the diameter of a cylindrical measuring handle on the mechanical 
impedance of the hand-arm system was studied (Aldien et al., 2005a; 
Marcotte et al., 2005). Hereby, Marcotte et al. varied the diameter of the 
measuring handle in three different steps of 30, 40 and 50 mm in a study 
with seven adult male subjects. In this study, a significant influence of 
the handle diameter on the mechanical impedance was found (Marcotte 
et al., 2005). Therefore, Marcotte et al. suggest that the handle diameter 
should be considered along with other extrinsic factors, when measuring 
mechanical impedance (Marcotte et al., 2005). These findings are sup-
ported by the results of Aldien et al. which also show a remarkably 
higher magnitude of mechanical impedance for larger diameters of the 
measuring handle (Aldien et al., 2005a). 

The variation of the handle’s the diameter of the established cylin-
drical handle shows a considerable influence on the mechanical 
impedance, it can be assumed that the shape of the measuring handle 
affects the mechanical impedance as well. 

In order to this assumption 2011, Xu et al. measured the mechanical 
impedance of the hand for vibrations exposed normal to the palm 
referring to the vibration exposure of a random orbital sander plate (Xu 
et al., 2011). For this purpose, the third octave bands with center fre-
quencies from 16 to 1000 Hz were introduced to the hand-arm system of 
ten subjects by pressing their palms against a vibrating aluminum 
platform. In their manuscript, Xu et al. showed that the distributed 
biodynamic response of the hand varied across the hand and with the 
applied hand forces (Xu et al., 2011). In this context, Xu et al. point out 
that the geometric feature of the hand-tool interface could affect the 
vibration transmissibility, since the fingers are better coupled to a cy-
lindrical handle than to a flat plate (Xu et al., 2011). Here Xu et al. 
consider the flat surface as an approximated simulation of the orbital 
sander (Xu et al., 2011). However, in the study by Xu et al. no gripping 
force could be applied due to the flat surface on which the hand was 
placed. 

According to the current state of research, an influence of the handle 
geometry on the mechanical impedance can be assumed. The knob- 
shaped handle represents a common handle shape in power tools such 
as the random orbital sander. The approximate simulation of such 
handles on test benches by a flat surface does not allow to apply gripping 
forces that affect the mechanical impedance of the hand-arm system and 
that are influenced by the geometry of the handle. Therefore, a knob- 
shaped measuring grip is required for the grip force measurement. 

In the current state of research, there is no proper design for a knob- 
shaped measuring handle. A main concern is the angular position of the 
separation plane that divides the measuring handle to place the force 
sensors for gripping measurement in between (Schroder et al., 2020). In 
(Schroder et al., 2020), a method for determining the angular position of 
this separation plane of a knob-shaped measuring handle is discussed. 
To measure the biodynamic response, a handle using the example of an 
orbital sander is suggested. The method proposed in (Schroder et al., 
2020) determines the angular position of the separation plane for the 
measuring handle. For this purpose, Schroder et al. (2020) use an 
optimization algorithm that extracts the angular position of the sepa-
ration plane from experimental data. The algorithm transforms the 3D 
model of the orbital sander handle into a 2D projection. The optimized 
angular position of the separation plane is then transformed back into 
the 3D model of the orbital sander handle. However, this transformation 
in (Schroder et al., 2020) only considers the back view of the handle, 
which is defined as the x-y plane. Consequently only the projection of 
the separation plane’s edge in the x-y plane is calculated. In this context, 
the z-direction is considered linear and runs straight from the back to the 
front through the handle. However since the separation plane can have 
an angular offset in two spatial directions, its angular orientation must 

also be determined in the top view of the handle. Hence the projection of 
the edge of the parting plane in the plan view, defined as the x-z plane, 
must be calculated. . With the angular position of both edges, a resulting 
separation plane can be calculated. Therefore, the specific main question 
of the manuscript is: How is the angular position of the separation plane 
in knob-shaped measuring grips oriented in three dimensions and how 
can this position be determined? Furthermore, it must be clarified how 
the pressing force that the power tool exerts against the surface of a 
workpiece affects the angular orientation of the separation plane. The 
analysis for answering these questions was done using the example of an 
orbital sander. 

2. Methods 

A study for three-dimensional determination of the separation plane 
was already published in (Schroder et al., 2020) through a 
two-dimensional perspective. This manuscript aims to analyze the re-
sults from a three-dimensional perspective. This section describes the 
test setup, the test subjects, and the test procedure. The data of the study 
is analyzed more in depth, as the method of evaluation is extended from 
a 2D to a 3D approach. The study considers 30 subjects, whose grip 
forces were measured in the gripping of an orbital sander through use of 
a force measuring foil. The measured forces were evaluated in the main 
direction of the resulting grip force. Since the components of the grip 
force cancel each other out in the center of the palm (N 45679:2013–02: 
Mechan, 2013), the main direction of the grip force includes two force 
vectors directed against each other. In the data analysis, the angular 
orientation of these vectors was determined in regard to the x-y and x-z 
planes. This analysis leads to a median angle of the separation plane for 
splitting of the measuring handle over all 30 subjects. 

2.1. Test subjects 

The study was conducted with 30 healthy subjects (27 male and 3 
female) aged 18–40 years. To record the subjects’ age, bodyweight, and 
body size, we used a clustering which split the age, bodyweight, and 
body size into five different range clusters. This clustering was done in 
respect of a higher anonymization of the subjects’ data, since the sub-
jects only had to sort themselves into a range cluster instead of revealing 
their specific age, bodyweight, and body size. The number of subjects in 
each cluster is given in Table 1. 

All subjects were right-handed and said that they were using power 
tools regularly (1 daily, 7 weekly, 18 monthly, 4 yearly). The data on the 
subjects’ regular use of power tools is limited in its explanatory power 
since we only asked the subjects’ experience in using power tools in 
general. The test setup used contained two static tasks with a switched- 
off sander and a grinding task in which only one pattern had to be fol-
lowed. The use of power tools was only generally queried among the 
subjects. We considered that under these testing conditions, the sub-
jects’ experience in using power tools had little influence on the forces 
applied. No further questions were therefore asked regarding the use of 
specific power tools. For each subject, a set of anthropometric properties 
as given in DIN EN ISO 7250–1 and depicted in Fig. 2 were recorded 
(7250–1:2017: W, 2017). Table 2 lists the values for the anthropometric 

Table 1 
Clustering of age, bodyweight, and body height.  

Age 
[years] 

Number of 
subjects 

Body 
height 
[cm] 

Number of 
subjects 

Bodyweight 
[kg] 

Number of 
subjects 

14–18 0 <160 1 <55 0 
18–25 14 160–170 1 55–70 9 
25–40 16 170–180 15 70–85 14 
40–60 0 180–190 8 85–100 6 
60–80 0 >190 5 >100 1 
Sum 30 Sum 30 Sum 30  



properties for all subjects. The anthropometric characteristics of the test 
subjects are within the range of standard values for German subjects 
given in DIN CEN ISO/TR 7250–2 (O/7250-2N, 2013).All recorded data 

were anonymized. The subjects were informed about their rights as well 
as the form of data acquisition. 

2.2. Test setup 

For determination of the grip forces on power tools, previous studies 
by Kalra et al. (2015) and Welcome et al. (2004a) investigated the 
suitability of force measuring foils which can be applied to the power 
tool handles. The study conducted by Kalra et al. showed that resistive 
force measuring foils lack reproducibility. On the other hand, the study 
conducted by Welcome et al. who used capacitive sensor foils showed 
low scattering. Further studies conducted by Kaulbars (2006) and 
Kaulbars and Lemerle P (Kaulbars and Lemerle, 2002). showed the use 
of capacitive force sensing foils for determination of grip forces on 
grinders, tampers, and demolition hammers. Furthermore Matthiesen 
et al. used a force measuring foil for measurement of grip force at an 
orbital sander in 2017 (Matthiesen and Uhl, 2017). 

For the present study on the determination of grip forces on knob- 
shaped, battery-powered orbital sanders, DBO180U (Makita Corpora-
tion, Anjo, Aichi, Japan) was used. The technical data of the sander can 
be found in (Makita Werkzeug GmbHO, 2021) The device and a 3D 
model of its handle geometry together with the defined coordinate di-
rections is given in Fig. 3. The left side of Fig. 3 shows the device used in 
the study. The device’s handle is surrounded by the projection planes of 
the initial coordinate system, the planes highlighted in red are the x-y 
and x-z planes that were considered for the determination of the grip 
forces. The right side of Fig. 3 shows a 3D model with the corresponding 
dimensions of the sander handle. The 3D model shown was obtained by 
scanning the handle geometry with a 3D scanner (HandySCAN-3D, 
Creaform GmbH, Egenhausen, Germany). 

For the manual experiment, the device was equipped with a capac-
itive force measuring foil on the main gripping surface (pliance-xf-32 
with 16x10 element foil, novel GmbH, Munich, Germany). The foil 
consists of individual pressure elements in a grid arrangement. The el-
ements can measure the mechanical pressure acting on it. The sensor foil 
was carefully oriented in order to achieve full surface coverage for all 
subjects. No adjustments were made during the study so that the foil 
element location and orientation remained consistent for all subjects. 
The test setup is depicted in Fig. 4. The subjects were standing upright 
and were working on a level plywood board. The workpiece was raised 
at a height of 800 mm for all subjects. The subjects were provided with 

Fig. 2. Anthropometric characteristic of the human hand according to DIN EN 
ISO 7250–1. The illustration of the hand is based on DIN EN ISO 7250–1 
(7250–1:2017: W, 2017). 

Table 2 
Physical characteristics of the 30 subjects, taken from (Schröder et al., 2020).  

Characteristic Lower 
quantile 
[mm] 

Median 
[mm] 

Upper 
quantile 
[mm] 

Standard 
deviation [mm] 

Hand Width 100 102.5 109.25 6.2 
Hand Length 181 190 191.2 9.9 
Palm Length 103 106.5 110 6.7 
Thumb 

Length 
60 65 67 6.9  

Fig. 3. The left side shows the random orbital sander, which was used in the study, surrounded by the projection planes according to the initial coordinate system of 
the sander. The planes used for the determination of the grip force are highlighted in red. The right side shows the corresponding coordinate directions defined for the 
used orbital sander and the dimensions of the sander handle. The 3D model of the sander handle was created using the HandySCAN-3D provided by Creaform GmbH, 
Egenhausen, Germany. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 



an instructional display guiding them through the individual steps of the 
study. The data for the force measuring foils was acquired by the control 
unit of the force measuring foil itself at a rate of 60 Hz. 

with the applied force measuring foil gripped by subject 12 
(Schroder et al., 2020). 

2.3. Test procedure 

At the beginning of the experiment, the subjects were introduced to 
the general test procedure and aim of the study. Then, the anthropo-
metric properties were recorded. Next, the subjects were allowed to 
familiarize themselves with the test setup. The subjects were allowed to 
freely work on the plywood board for 2 min with an unmodified sander 
in order to get a sensation of the gripping and pushing forces required for 
operation. In the subsequent step, the participants were handed the 
orbital sander with the force sensing foil. As part of the study, the sub-
jects had to perform three different tasks with the random orbital sander. 
The first task involved holding the sander statically with outstretched 
arm for 10 s. In the second task, the subjects gripped the switched-off 
device while pressing on the plywood plate for 20 s. In this pressing 
task, only the first trial was recorded to assess the intuitive, unaffected 
gripping manner of the subject. In the third task, the sander equipped 
with the sensor foil was switched on and the subject ground the plywood 
plate according to a specified pattern based on DIN EN ISO 28927–3 and 
corresponding to a horizontal figure of eight with a circular diameter of 
100 mm (28927–3:2010-0, 2010). According to DIN EN ISO 28927–3, 
this pattern had to be ground within 4 s. For this purpose, the direction 
and the moving speed of the grinder were specified via a graphic 
interface on a screen. In total, the subject had to grind the pattern four 
times in a row without pausing. Thus, we achieved a total measurement 
time of 16 s, which corresponds to DIN EN ISO 28927–3 
(28927–3:2010-0, 2010). Fig. 5 shows a picture of the graphical inter-
face with the pattern the subject had to follow. Due to a defect in the 
random orbital sander, the number of subjects in the sanding task was 
only 26. The defective sander was replaced with a new one of the same 
model and manufacturer. In all three tasks of holding, pressing, and 
grinding, no force feedback was provided to achieve unaffected gripping 
behavior. 

2.4. Analysis of the grip force and influence of the pressing force  

a) General description of the method used 

To determine the grip forces, we used the 3D.model of the grip ob-
tained by 3D scanning of the grip geometry. The force values given by 
the sensor foil must be allocated and oriented to the 3D geometry of the 
handle. This is done by manually probing all sensor elements on the 
physical device and matching the location on the 3D scan. The spatial 
sensor element orientation is determined numerically from the scan 
geometry with the element direction being perpendicular to the handle 
surface. As a result of the above-mentioned step, each sensor element is 
assigned to a set of spatial coordinates and a normal vector in the 3D 
scan. An overview of the procedure is given in Fig. 6. 

The procedure for finding a separation plane is based on (Schroder 
et al., 2020). 

To find the optimal handle separation, two separate but analogous 
analyses were performed for each task of the study. 

In order to find a three-dimensional representation of the handle 
separation, the problem is reduced to two-dimensional analyses. To do 
so, the 3D geometry and the force vectors from the sensor foil are pro-
jected onto the x-y and x-z planes, which represent the front and the top 
views of the handle. It should be mentioned that for projection in the x-z 
plane, the entire depth along the y-axis of the handle is taken into ac-
count. This means that the sensors of the force measurement foil, which 
are positioned on the curved surface below the top of the handle, are also 
projected in the x-z plane. 

Fig. 4. Schematic drawing of the test setup and photo of the orbital sander.  

Fig. 5. Graphical surface of the pattern to be ground by the subject. The red dot 
shows the predefined position of the sander on the pattern. The green bar shows 
the remaining time of measurement. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 



The angular position of the separation plane in the z-y plane is 
negligible, since the projections in the x-y and x-z planes cover any di-
rection in which the vectors of the force sensors could potentially be 
oriented. 

b) Detailed description of the mathematical model used for the deter-
mination of handle separation 

The determination of the angular position of the separation plane 

described below was performed in the same way for all three tasks. 
The angular position of the separation plane in the x-y and x-z planes 

was determined separately here, but the same data evaluation method 
was used in both cases. 

In a first step, the geometric center of all points to which the sensor 
elements are assigned is calculated. As depicted in Fig. 7, the reference 
coordinate systems x y and x z are placed in the geometric center0. 
In these initial reference frames, the edge of the separation plane is 
defined with an angle α relative to the vertical axis. The edge of the 

Fig. 6. Schematic presentation of the projection of the force measurement foil values onto the 3D model of the orbital sander handle. The left side of Fig. 6 shows the 
graphical representation of the sensor matrix of the force measurement foil. While each rectangle represents a sensor element, the colors characterize the pressure 
applied to the respective sensor element from blue (low pressure) to yellow (high pressure) (Schröder et al., 2020). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Rotation of the reference frame n′ l′ by the angle α ∈ [0, π]in the x–y- and the x-z-planes of the initial coordinate system of the sander handle. The angle 
between the vertical y- or z-axis and the angular position of the specific sensor element fiof the force measurement foil is given by ϑi. 



separation plane is described by a rotating reference frame with a 
normal (n′ ) and lateral direction (l′ ). 

For a given angle α, the sensor elements fi are separated into two 
groups at the edge given by the angle α. Elements with a relative angle ϑi 
in the range α ≤ ϑi ≤ α + π are combined in the A group, while elements 
outside of this range are assigned to the B group. The normal vectors niof 
each sensor element fi, are normally expressed in the global coordinate 
system. For the given angle α, these normal vectors ni, are transformed 
to the reference frame (n′ l′ ). 

n→i,(n′ l′ )

(
sinα cosα
cosα sinα

)

∗ n→i,(x y) (1)  

n→i,(n′ l′ )

(
sinα cosα
cosα sinα

)

∗ n→i,(x z)

For each angle α for α ∈ [0, π] in n α π/180, increments of the 
normal vectors are transformed to the rotated reference frame. 

After transformation of the normal vectors for each angle α ∈ [0,π], 
the rotated normal vectors are fitted with the force measurement foil 
sensor data for each subject. This results in a course of the normal forces 
over the test duration projected onto the separation plane for each α. 

To find the optimum separation angle αreswithin the specific pro-
jection of the separation plane, all force vector components normal to 
the plane are added by 

Fres(t, α)
∑

i
fi(t) n→i,(n′ l′ )(α) ⋅ e→n′ (α) (2) 

This step is done for the A and B groups separately. This results in a 
time course of the resulting force normal to the separation plane. The 
vector e→n′ (α)denotes the unit vector normal to the separation plane and 
(n)denotes the scalar product. The scalar product with e→n′ (α)ensures 
that only the part of n→i,(n′ l′ )(α)which acts parallel to n′and normal to the 
separation plane is taken into account. 

To find the optimal angular orientation of the separation plane, it is 
assumed that the time integral 

I(α)
∫

Fres(t,α) dt (3)  

is at its maximum at αopt. Using Equations (2) and (3), the specific angle 
αoptat which I(α) reaches its maximum is calculated for the A and B 
groups for each subject. The angle αopt A is the angular orientation at 
which I(α)form the A group reaches its maximum on the separation 
plane. The angle αopt Brefers to the B group in the same way. The two 
angles αopt A and αopt B may deviate slightly from each other. 

Referring to Equation (2), I(α)depends on two factors. The first factor 
is the measured value of each sensor element fi(t). The second factor is 
the amount of sensor elements belonging to the A or the B group for a 
specific rotation angle of the separation plane. The edge of the separa-
tion plane rotates in discrete steps with Δα π/180.Thus, belonging of a 
particular sensor element to the A or the B group may change within one 
increment step of Δα π/180. Therefore, the amount of sensor elements 
and hence I(α)of the A and I(α)of the B group varies for each α. This 
variation causes the deviation between αopt Aand αopt B. For these spe-
cific angles αopt Aand αopt B, the amount of sensor elements in the A and 
the B groups is slightly larger. 

As the components of the grip force cancel each other out in the 
center of the palm, the value of I(α)from the A and B groups must be the 
same for a specific rotational angle αsep of the separation plane’s edge. 
Since the angle αsepshould also be the angle at which the maximum 
normal forces act on the separation plane, it has to be in the range of 
αopt Aand αopt B. Therefore, we calculated αsepby the arithmetic mean of 
αopt Aand αopt Bfor each subject. The result of this procedure is the edge 
of the separation plane in the x-y respectively x-z plane at the subject- 
specific angle αsep xyrespectively αsep xz. Fig. 8 shows the splitting of 
the sensor foil’s sensors into the A and the B group for their projection in 
the x-y and the x-z planes. In addition, the figure shows the resulting 
angles αopt A and αopt Bfor the separation planes of both groups, where 
αsepis located in between for both projections. 

We subsequently calculated αres xyand αres xzas the median of 
αsep xyand αsep xzover all 30 subjects. Since this method was applied in 
the same way for all three tasks performed in the study, we obtained the 
angular orientation of the separation plane in the x-y and x-z pro-
jections. In the following, we calculated the arithmetic mean over the 
task-specific angles of αres xyand αres xzto obtain the angular orientation 
αxyand αxzof the resulting separation plane edges in each projection. 

Fig. 8. Splitting of the sensors set into the A and B group (red and gray) exemplified for one subject with the resulting separation planes of each group oriented by 
αopt Aand αopt b the intervening separation plane of αsepfor both projections. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 



The resulting two edges of the separation plane can be understood as 
two vectors spanning a separation plane which is defined by Equation 4: 

x y*sin
(
αxy

)
+ z*sin(αxz) (4)  

c) Evaluation of the influencing factors in the determination of the 
separation plane. 

In this chapter, we compared the resulting grip force of a separation 
plane oriented only by the angles αres xyand αres xzto a vertically oriented 
separation plane. This comparison was done to determine how the 
angular offset of the separation plane affects the resulting grip force. For 
this purpose, we calculated the resulting force vectors of the A and B 
groups for the separation plane oriented by αxyand αxzover all subjects for 
each task separately. For comparison, we calculated the resulting force 
vectors in the same way for the A and B groups in the case of a vertically 
oriented separation plane. Subsequently, the percentage deviation be-
tween the resulting forces from the A and B groups was calculated 
separately for the x-y and x-z projections using Equation (5). 

Dres xy/xz A/B 100*
⃒
⃒
⃒
⃒

(

1
Fres xy/xz A/B

Fres xy/xz A/B
(
αxy/xz

)

)⃒
⃒
⃒
⃒ (5) 

In Equation (5), Fres xy/xz A/B(αxy/xz) stands for the resultant grip forces 
acting normal to the determined separation plane. Fres xy/xz A/B(αxy/xz)

was calculated separately for the A and the B groups and for the pro-
jections in the x-y and x-z planes. Consequently, Fres xy/xz A/B stands for 
the corresponding resultant grip forces acting normal to a vertical sep-
aration plane and was calculated in the same manner. The specific 
percentage deviation between the resulting forces is also divided by 
group and projection plane and is indicated by Dres xy/xz A/B. 

In addition to the deviation to a vertical plane, the influence of the 
pressing force on the angular alignment of the determined separation 
plane was also analyzed. In the pressing and grinding tasks, the gripping 
force distribution and thus the angular alignment of the separation plane 
can possibly be influenced by the pressing force exerted by the subject. 
Hence, we calculated the pressing force by summing all y-components of 
all vectors in both tasks. Since the upward and downward vectors of the 
grip force cancel each other out in this case, the result of this sum cor-
responds to the pressing force Fp res. This calculation was performed for 
each subject for the pressing and grinding tasks. The pressing force Fp res 

was matched with the respective task specific angles αsep xyof the sep-
aration plane individually for each task and subject. The pressing force 
Fp res acts in negative y-direction, thus it can only influence the orien-
tation of the separation plane in the x-y plane. The orientation in the x-z 
plane seen from above is not influenced, since the vector of the pressing 
force is directed into the viewing plane and cannot act on the projection 
of the separation plane. 

Based on this subject-wise matching of αsep xyand Fp res, we made a 
Spearman correlation analysis with the software SPSS. The Spearman 
correlation was used since the number of subjects performing the 
grinding task was less than 30 and we could not prove normal distri-
butions for either the values of Fp res or the values of αsep xyusing the 
Shapiro-Wilk test. 

3. Results 

3.1. Determination of the separation plane 

The first part of the results chapter showcases the angular orientation 
of the separation plane’s edge in the x-y-plane and x-z plane for the 
different tasks. Following from this, the three-dimensional orientation of 
the separation will be shown at the end of the results chapter. Table 3 
shows the task-related distribution of αsep xyover all subjects. Hereby 
Table 3 lists the minimum, maximum and median angel αres xyas well as 
the percentiles. 

Regarding the minimum and maximum values and the percentiles of 
Table 3, it can be seen that the separation planes’ edges are oriented in 
the same range over all tasks performed. The values of Table 3 show that 
the angles of the separation planes in the x-y plane are slightly shifted 
into the negative range, as the absolute value of the minimum is larger 
than the absolute value of the maximum, which is consistent with the 
values of the 95th and 5th percentiles. Fig. 9 shows, a projection in the x- 
y plane of the task-specific separation plane edges, which are specifically 
oriented through their resulting median angel αres xy. 

The edges are represented as lines in the x-y projection of the sensor 
positions of the force measurement foil with the geometric center 0’ 
being the center of rotation. Through the orientation of the position 
vectors of sensors from the force measuring foil shown in blue, the shape 
of the orbital sander handle in the x-y plane is apparent. Therefore, it can 
be concluded that the foil was correctly positioned on the orbital sander 
handle. 

The edges of the resulting separation planes shown in Fig. 9 are 
nearly vertical, as the values of the median respectively αres xyfrom 
Table 3 are close to zero. In particular, the planes’ edges of the grinding 
and pressing tasks are very close to the vertical with a value of αres xy 

0.25◦, the edge resulting from the pressing task is almost vertical. The 
plane’s edge from the holding task has an angle of αres xy 7◦, which 
deviates from the two other angles. This is also visible in Fig. 9, since the 
gap between the line of the holding task and the two others is larger than 
their gap to each other. 

Following Fig. 9, Table 4 shows the task-related distribution of 
αsep xzover all subjects. As for the resulting angels of αsep xyin the x-y 
plane, the minimum, maximum, and median values and the 5th and 
95th percentiles are given. 

According to Table 4, the separation plane edges in the x-z plane tend 
to be vertically oriented with a slight shift to the negative. For the 
percentiles of Table 4, a slight shift of αsep xz into the negative range as in 
the case of αsep xy can be seen. This is visible by the absolute values of the 
5th percentiles of all tasks being larger than the corresponding absolute 
values of the 95th percentiles. In this context it can be assumed that the 
maximum value of 9◦ the pressing task in Table 4, refers to the outlier, 
since it is much bigger than the 95th percentile. Consequently the me-
dian angles of the respective tasks in Table 4 also deviate slightly from 
the vertical into the negative and are very close to each other. In the 
following, Fig. 10 presents the separation planes’ edges of each task 
oriented by the median angle αres xz.which represents the angular 
orientation of the separation plane in the top view of the handle. Since 
the whole top side of the handle is covered with the measurement foil, 
the sensor positions are distributed all over the plot as shown in Fig. 10. 
From the shape of this blue dotted cloud, it is possible to guess the shape 
of the handle of the random orbital sander viewed from above. There-
fore, it can be assumed that positioning of the force measurement foil 
and the calculation of the sensor positions on the handle were correct. 

As expected from the values of the median angles αres xz in Table 4, 
the task-specific separation plane edges in Fig. 10 lie nearly on top of 
each other with a slight angular offset of minus five degrees from the 
vertical. With the angular orientations of the separation planes’ edges in 
the x-y and x-z planes from Figs. 9 and 10, a three-dimensional repre-
sentation of each separation plane can be calculated by using Equation 

Table 3 
Minimum, maximum, and the 5th and 95th percentile of the subject-specific 
separation planes’ orientations in the x-y plane over all three tasks performed 
in the study.   

Holding [◦] Pressing [◦] Grinding [◦] 

Minimum − 15 − 17.5 − 14 
Maximum 2 4.5 2 
Median (αres xy) − 7 − 0.25 − 2.5 
5th percentile − 13 − 15.5 − 13.62 
95th percentile 1.5 4 1.25  



(4). Based on these three task specific separation planes the total sepa-
ration plane over all three tasks performed was determined. Therefore 
the arithmetic mean angle of αres xy and αres xz over all tasks was calcu-
lated. The angular orientation of this total separation plane is given by 
αmean xy 3.25◦ and αmean xz 5.5◦. A three-dimensional represen-
tation of the task specific separation planes passing through the sander’s 
handle as well as a three-dimensional representation of the calculated 
total separation plane can be found in the appendix of the manuscript. 

3.2. Influence of the pressing force and deviation to the vertical 

The second part of the results chapter shows the percentage devia-
tion of the grip force with respect to the calculated separation plane 
compared to a fully vertical separation plane. In addition, the influence 
of the pressing force on the angular orientation of the separation plane 
will be presented. 

The separation planes’ orientations in the x-y and x-z planes are 
approximately vertically across all tasks. 

Therefore, it has to be evaluated whether a vertically oriented sep-
aration plane respectively a vertical splitting of the measurement handle 
is sufficient. Under the conditions of an easy-to-manufacture design, a 
vertically oriented splitting of the measurement handle would be less 
expensive and easier to manufacture. Thus, Table 5 shows the 
maximum, the minimum, and the median value of the deviations 
Dres xy− A/Band Dres xz− A/Bbetween the resulting grip force for the task- 
specific determined separation plane and a vertically oriented separa-
tion plane. These characteristic values of Dres xy− A/Band Dres xz− A/B are 
divided into those of the x-y and x-z projections to allow separate 
evaluation. Furthermore, the values are divided into the A and B groups. 
This is due to the fact, that the components of the grip force cancel each 
other out in the center of the palm. Therefore, the resulting grip force of 

Fig. 9. Resulting angular orientation αres xy of the separation plane’s edge in the x-y plane for all three tasks performed.  

Table 4 
Minimum, maximum, median, and the 5th and 95th percentile of the subject- 
specific separation planes’ orientations in the x-z plane over all three tasks 
performed in the study.   

Holding [◦] Pressing [◦] Grinding [◦] 

Minimum − 22 − 14 − 30.5 
Maximum 7 9 4 
Median (αres xz) − 6 − 5.75 − 4.75 
5th percentile − 15 − 14 − 13.5 
95th percentile 6.5 0.5 0.5  

Fig. 10. Resulting angular orientation αres xz of the separation plane’s edge in the x-z plane for all three tasks performed.  



each subject for each task and the percentage deviation were calculated 
separately for both groups. The percentage deviation between the 
resulting grip force acting on the determined separation planes and the 
one acting on a vertical separation plane is overall below 10%. 
Furthermore, this deviation is smaller in the x-y plane than in the x-z 
plane across all tasks. Regarding the different tasks, it can be seen that 
the resulting grip force from the pressing task has the smallest per-
centage deviation compared to the resulting grip force that would act on 
a vertical separation plane. This trend is visible for the values of both 
groups and for both projections, except for the minimum value of the B 
group which is the largest in both projections compared to that of the 
other tasks. Defining the range of the percentage deviation as the range 
between the minimum and the maximum value, Table 5 shows that this 
range is the largest for the holding task and the smallest for the pressing 
task. This observation can be made across all tasks and projections 
except of the B group in the x-z plane where the range of the grinding task 
is slightly larger. 

To determine the influence of the pressing force Fp res on the sepa-
ration planes’ angular orientation αres xy in the x-y plane, a Spearman 
correlation analyses was carried out. The results of this analysis indicate 
a significant correlation of p 0.03 between the pressing force and the 
angular orientation of the separation plane of the pressing task (The 
correlation is significant at the 0.05 level (two-sided)). In the case of the 
grinding task, no significant correlation between the pressing force and 
the angular orientation of the separation plane could be detected. 
Regarding the effect size of Fp res on αres xy for the pressing task, a value of 
r 0.4 indicates a medium effect. 

4. Discussion 

4.1. Splitting of the knob-shaped measuring handle 

With the method used, it was possible to extract design parameters 
for a knob-shaped measurement handle from the experimental data of a 
subject study using a numeric algorithm. Based on the results obtained, 
the first main question of the manuscript concerning the angular 
orientation of the separation plane in the knob-shaped handle will be 
discussed and compared to the cylindrical measurement handle. 

Across all tasks performed and subjects participating, the results 
show that the separation plane for a knob-shaped handle is predomi-
nantly vertically oriented with an overall orientation αmean xy 3.25◦

and αmean xz 5.5◦. This angular orientation of the separation plane 
shows that the grip force on a knob-shaped handle acts predominantly 

horizontally. 
In this case, the alignment of the separation plane to the pressing 

force and to the respective power tool movement deviates from the 
established cylinder handle. With the cylindrical handle, the separation 
plane is perpendicular to the pressing force and to the axis of the forearm 
and the direction of a representative power tool movement. In contrast 
to this, the separation plane of the knob-shaped handle is oriented 
parallel to the direction of the pressing force and to the axis of the 
forearm. 

Hence, for a knob-shaped handle, the relations between coupling 
forces and power tool movements are more complex than in the case of 
power tools with a mainly cylindrical handle such as the hammer drill. 
The power tool movement of the orbital sander is planar, while the 
pressing force is perpendicular to this movement as it presses the 
grinding disc against the surface of the plywood plate. Moreover, the 
grip force is perpendicular to the pressing force and mostly independent 
of the power tool movement. Evidence of this independence is provided 
by the values in Tables 4 and 5, where the 5th and 95th percentiles of the 
grinding and static pressing tasks are in the same range. In addition, the 
95th and 5th percentiles of both projections range from 15.5◦ to 6.5◦

across all tasks, which is consistent with a separation plane that is 
slightly negative to the vertical. 

The scatter of the individual separation planes, which can be seen by 
the percentiles in Tables 4 and 5 may be due to the scatter of the sub-
jects’ hand and finger sizes shown in Table 2. The scatter may also be 
due to the shape of the grip. Compared to the unidirectional gripping of 
a cylindrical handle or a power grip, the knob-shaped handle allows 
more flexible positioning of the palm and fingers on the handle surface. 
This may lead to a higher variability of the gripping position across the 
subjects. 

4.2. Influence of subjects’ handedness and the applied pressing force 

Regarding the separation planes in Figs. 9 and 10, it has to be 
mentioned that in all tasks, the planes are slightly shifted negative to the 
vertical. This negative angular offset from the vertical is also evident 
from the values of αres xyand αres xzin Tables 4 and 5 In the x-z plane, this 
negative angular offset has a similar magnitude in all tasks in the range 
of 5.5 as is shown in Fig. 10, where the separation planes are oriented 
almost on top of each other. In the x-y plane, the separation planes of the 
different tasks differ more from each other. While the negative offset to 
the vertical in the holding task is about the same in the x-y and x-z 
planes, the separation planes of the pressing and the grinding tasks are 

Table 5 
The minimum, maximum, and mean values of the percentage deviations between the resulting grip force acting on the separation plane oriented by αsepand the one 
acting on the vertically oriented separation plane. The deviation is calculated separately for the corresponding planes αsep xy and αsep xz in the x-y and x-z planes.     

Holding task [%] Pressing task [%] Grinding task [%] 

x-y plane A group Minimum Dres xy A  0.40 0.00 0.01 
Maximum Dres xy A  2.10 0.07 0.75 
Median Dres xy A  1.30 0.02 0.23 

B group Minimum Dres xy B  0.03 0.06 0.3 
Maximum Dres xy B  1.20 0.18 1.30 
Median Dres xy B  0.45 0.10 0.92 

x-z plane A group Minimum Dres xz A  0.13 0.09 0.49 
Maximum Dres xz A  8.73 5.20 7.09 
Median Dres xz A  1.96 1.59 2.66 

B group Minimum Dres xz B  0.17 0.34 0.00 
Maximum Dres xz B  8.33 6.50 8.30 
Median Dres xz B  2.18 3.00 2.64  



oriented clearly more vertically in the x-y plane than in the x-z plane. 
Overall, the negative angular offset is more pronounced in the x-z 

plane, firstly, because it is approximately the same for all three tasks, 
and secondly, because on average, it is greater than the offset in the x-y 
plane. Accordingly, it can be assumed that the offset has the same cause 
in all three tasks. 

A possible explanation of the negative angular offset in the x-z plane 
could be that the subjects in the study were only right-handed. In the 
case of a knob-shaped handle, the subject’s hand is mounted on the top 
of the handle and the arm is oriented backwards to the handle as an 
extension of the palm. Therefore, the subject must rotate the hand 
slightly so that the index finger is on the front of the handle, while the 
thumb and other fingers are on either side of the knob-shaped handle, 
facing each other. Such way of gripping can be seen in Fig. 4, a similar 
type of gripping is also described in (Wakula et al., 2009). In this type of 
gripping, the grip axis of the thumb and fingers runs diagonally across 
the palm from the index finger to the wrist. For a right-handed person, 
this diagonal gripping axis has a negative angular offset because, from 
the user’s point of view, the gripping axis runs from the left front side to 
the right rear side of the orbital sander handle. With reference to the 
results in Table 4 and Fig. 10, the angular offset of the separation planes 
from the vertical in the x-z plane would correspond to the gripping axis 
of a right-handed subject. Therefore, the connection between the 
angular offset of the separation plane in the x-z-plane and the only 
right-handed subjects of the study is a reasonable assumption. 

According to this assumption, the angular offsets in the x-y plane 
must also be discussed. In the x-y plane, the assumed influence of the 
subjects’ right-handedness only affects the separation plane of the 
holding task, whose angular orientation αres xyis nearly the same as in the 
x-z plane, as is shown in Tables 4 and 5 In contrast, Fig. 9 and the values 
of αres xyin Table 3 show that the separation planes of the pressing and 
grinding tasks are oriented approximately vertically in the x-y plane. A 
possible explanation for these differences in the x-y plane is that no 
pressing force was applied to the random orbital sander during the 
holding task. The grip force could thus act uninfluenced on the sander 
without being stabilized by being pressed against the plywood. This 
uninfluenced acting of the grip force leads to a stronger effect of the 
right-handedness of the subjects in the holding task. This explanation is 
supported by the similar angular orientations of the different separation 
planes in the x-z plane in Fig. 10and Table 4. Since the vector of the 
pressing force is directed downward into the x-z plane, it cannot act 
normally on the projection of the separation plane and does not 
contribute to its orientation. Therefore, the separation planes’ orienta-
tions in the x-z plane are only influenced by the grip force. In conse-
quence, the separation planes of the pressing and grinding tasks are 
oriented in a similar angle as the separation plane from the holding task. 
In the x-y plane, on the other hand, the applied pressing force causes the 
separation planes of the pressing and grinding tasks to be more vertically 
aligned, while the separation plane of the holding task has a similar 
angle as in the x-z plane, since no pressing force was applied. In the case 
of the pressing task, this explanation is supported by the results of the 
Spearman correlation analyses, which show a medium effect size for a 
significant correlation between αres xyand the resulting pressing 
force Fp res. In the case of the grinding task, no significant correlation 
could be shown. The fact that no significant correlation between αres xy 

and the resulting pressing force Fp rescould be shown for the grinding 
task may be due to the task itself and the corresponding test procedure. 
In the pressing task, the subjects only had to apply static force to the 
sander while in the grinding task, the sander was moved. In conse-
quence, the subjects had to apply less pressing force in the grinding task. 
Furthermore, in the pressing task, the subjects were instructed to press 

the random orbital sander against the plywood plate. This instruction 
can lead to a more intentional application of the pressing force, as the 
subjects only had to pay attention to it. In the grinding task, the subjects 
had to pay attention to the grinding of the pattern, hence they possibly 
paid less attention to the application of the pressing force. In conse-
quence, no correlation between the applied pressing force in the 
grinding task and the specific angle of the separation plane in the x-y 
plane could be shown. A possible indication of this assumption could be 
that the pressing force of the grinding task is not normally distributed 
across the subjects. 

To answer the second main question of the manuscript, the results 
show that in the pressing task, the applied pressing force reduces the 
value of αres xyto a more vertical orientation of the separation plane in 
the x-y plane. Hereby, the assumed effect of the subjects’ right- 
handedness is compensated. A similar effect can be assumed for the 
grinding task, but could not be proven by the correlation analyses, which 
is probably due to the test procedure. In further studies, this assumption 
had to be analyzed. A possible test procedure for this would be to give 
the subjects several different values for the pressing force during the 
grinding task. Regarding the assumed effect of right-handedness, it 
would be interesting to also consider left-handed subjects in the study, 
since a shift of αres xyto the positive would be expected. 

4.3. Design and implementation of the knob-shaped measuring handle 

Based on the results obtained concerning the orientation of the 
separation plane and the influence of the pressing force, it has to be 
evaluated how the splitting of the knob-shaped measurement handle has 
to be implemented. 

Assuming a negative separation plane shift for right-handers and a 
positive shift for left-handers, a vertical splitting of the knob-shaped 
measuring handle would be a possible suitable design, as it would be 
suitable for both right- and left-handers. 

Considering the effect of the pressing force on the separation plane 
orientation in the x-y plane, a vertical splitting of the knob-shaped 
measuring handle would also make sense. Based on the results ob-
tained, it can be assumed that the application of the pressing force 
causes a rather vertical alignment of the separation plane. Since the 
pressing force is also applied during the impedance measurement on 
shaker-based test benches, a vertical splitting of the handle would be a 
reasonable option. Therefore, it has to be evaluated how much a vertical 
splitting of the knob-shaped measurement handle would influence the 
resulting grip force. The results of the percentage deviation between the 
pressing forces acting on the determined and on the vertical separation 
plane in Table 5 are overall below 10% including both projections, all 
tasks, and both groups. In this context, it can be seen that the values of 
the maximum and median percentage deviation in the x-z plane are 
greater than in the x-y plane across all tasks. This trend corresponds to 
the separation plane angles in Figs. 9 and 10, where the angular devi-
ation from the vertical in the x-z plane is also greater than in the x-y 
plane across all tasks. Furthermore, Table 5 shows that the percentage 
deviation of the grip force is lowest for the pressing task, especially as far 
as the deviation in the x-y plane is concerned. This deviation also co-
incides with the alignment of the separation plane of the pressing task, 
as this has the smallest angular deviation from the vertical. With regard 
to the intended use of the measuring handle, this is most likely repre-
sented by the pressing task. Following on from this, the maximum per-
centage deviation between the gripping forces applied to the different 
separation planes is lowest for the pressing task in both projections. If 
one also takes into account that the measuring handle should be suitable 
for right- and left-handed subjects, a vertical splitting of the measuring 



handle would be an acceptable and easy-to-manufacture design. 

5. Limitations 

The results of the study only refer to one specific random orbital 
sander. Although the analyzed gripping position is representative of this 
type of sander, the results obtained are limited to the specific geometry 
of the sander handle. Since this geometry may vary slightly for a 
different random orbital sander, different results are possible. With a 
wider handle, the fingers of the subject’s hand would close less around 
the handle and rest more on the top than on the side of the handle. In this 
case, the applied grip force would act more vertically than horizontally. 
The subjects’ grip force could also be affected by the thickness of the 
force measurement foil as it increases the dimensions of the handle. 
Since the foil’s measurement works by compressing a layer of elastomer, 
a certain thickness is required for the measurement. For determination 
of the separation plane, the foil’s sensor elements were evaluated rela-
tive to each other. The influence of the film thickness on the angular 
position of the separation plane can thus be considered minor, since it 
affects all sensors and the grip force distribution of all subjects in the 
same way. 

In this context, it also has to be considered that the height of the 
plywood plate was fixed, which caused variations in the arm posture 
depending on the standing height of the subject. For tall subjects, a 
plywood plate that is too low could possibly cause the subjects to bend 
over the plywood plate more and add parts of their body weight to the 
pressing force. Considering the correlation between the subject’s 
handedness, the separation plane’s angular orientation, and the pressing 
force derived from the results obtained, the resulting higher pressing 
force would lead to a more vertical separation plane. Conversely, a 
plywood plate that is too high would result in small subjects applying 
less pressing force as they would not be able to align their arms properly, 
resulting in a less vertical separation plane. With regard to the study 
carried out, these correlations have probably influenced the obtained 
alignments of the separation planes’ orientation, but the height of the 
subjects was predominantly in a relatively small range between 1.70 m 
and 1.90 m (23 out of 30 subjects). Therefore, the influence of the 
varying standing height of the subjects on the results obtained may be 
less than would be the case if the height of the subjects was normally 
distributed. Consequently, in further studies, the height of the plywood 
plate must be adjusted to the scatter of the subjects’ body size. 

Furthermore, only right-handed subjects were considered in this 
study. It would be wise to include left-handed subjects as well. In this 
context, the obtained results of the study are also limited by the scatter 
of the calculated individual subject-specific separation planes. This 
scatter is possibly caused by the different hand sizes of the subjects. 
Therefore, further studies using the same method of evaluation are 
required, since the subjects of the conducted study were only right- 
handed and not normally distributed in their anthropometric proper-
ties. Hereby, the study focused on the direction and orientation of the 
subjects’ grip forces. Therefore, the force distribution across the handle 
was more relevant than the absolute value of the applied grip force. In 
consequence, the measurement of the subjects’ anthropometric prop-
erties included only the hand dimensions according to DIN EN ISO 
7250–1, since the dimensions and kinematics of the hand are related to 
the force distribution on the handle. The muscle strength and capacity 
play a minor role in determining this force distribution, therefore spe-
cific measurement of the subject’s muscle strength was not necessarily 
required. However, it would be interesting to measure the muscle 
strength of the subjects in further studies, as it cannot be assumed that it 
is the same over all subjects. In this regard, measuring the subject’s 
maximum voluntary isometric contraction (MVIC) would be a good 

indicator for the subject’s muscle strength (Meldrum et al., 2007). In 
addition the data analyses could be combined with the ability of the 
novel force measurement foil to segment its force sensors. This seg-
mentation sums up the applied force of a defined amount of sensors 
located in a certain area to one total value. Implementing this ability 
into the evaluation algorithm could possibly reduce the effort of 
assigning the sensor positions to the 3D scan and lower the computing 
time. Through this optimization, a greater amount of handles could be 
evaluated faster. 

Furthermore, the subjects’ experience in the use of power tools 
considered only the use in general and did not refer to specific power 
tools. A possible connection between the angular orientations of the 
separation planes and the subjects’ explicit power tool experience was 
not analyzed. 

Nevertheless, further studies are required to analyze the relationship 
between the subjects’ experience in handling certain power tools and the 
forces applied to these power tools. Therefore, the subjects’ performance 
of a specific task related to one power tool would be a possible appro-
priate test setup. Hereby, not only the grip force and its distribution, but 
also the pressing force and the movement of the power tool have to be 
recorded. In this context, a more specific query on the subjects’ expe-
rience in handling power tools is necessary, as there are large differences 
in the use of certain power tools. 

Conclusion 

The manuscript introduces a novel approach to the data-based design 
of a new knob-shaped measuring handle for the measurement of grip 
force in the context of impedance measurement. Since no comparable 
design of a measuring grip exists according to the current state of 
research, the significant design parameters for a knob-shaped measuring 
handle were extracted from the data of a subject study. The subject study 
was conducted with 26 subjects whose gripping force on a random 
orbital sander was measured during various tasks performed. Based on 
the results of the study, a separation plane was calculated to divide the 
new knob-shaped measuring handle in order to integrate the force 
sensors for grip force measurement. The force sensors of the knob- 
shaped measuring handle have to be placed in a vertically oriented 
separation plane, since the grip force of the test subjects acts mainly 
horizontally on the sander handle. The separation plane shows a slight 
angular offset to the vertical, which may be due to the handedness of the 
subjects, since only right-handed subjects participated in the study. This 
angular offset caused by the handedness seems to be reduced by the 
pressing force. 

In future studies, the approach has to be validated with different 
knob-shaped handles both for right- and left-handed subjects. 
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Appendix A. 3D-representation of the mean separation plane for each task passing through the 3D-scan of the orbital sander’s handle 
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