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ABSTRACT

Comfort optimization for work equipment handles frequently fails in practice because of high temporal complexity
and high development costs, coupled with the pressure of shorter development times. Handle design also has a
strong subjective element rooted in the communication of comfort as sensation. Finally, handle design lacks an
objective method to make comfort measurable. This paper presents a new method for achieving comfort
optimization of work equipment based on a digital hand model, using the example of an iron bender. After
determining significant factors of the work equipment, a so-called work equipment dependent pressure discomfort
model (PDT model) is derived. The paper then focuses on practical creation of a finite element method (FEM) hand
model. Finally, handle design parameters such as shape, size, material and surface can be derived from the FEM
hand model in relation to the PDT model.

Keywords: grip comfort, discomfort model, comfort sensation, pressure pain threshold (PPT), pressure discomfort
threshold (PDT), digital hand model, handle design parameters

INTRODUCTION

The human hand is constantly in contact with products. In particular, the handle of work equipment, as a direct
interface to the user, greatly influences the perception of fatigue, pain and comfort (Lindqvist, 2008). The designer's
job during handle development is to design handles that can be felt by the users to be comfortable. Comfortable
handles need right decisions regarding handle design parameters such as shape, size, material and surface. In
addition, the designer must consider many factors such as grip types, coupling types and target groups (Strasser et
al., 2008).

Ergonomic handle design entails a methodical and systematic consideration of all important factors. The designer
must always perform a rough and a fine analysis and question all conditions and factors that may finally have an
impact on the design (Bullinger et al., 1979). The rough analysis is about the investigation of body position and
movement possibilities, and motion assignment. The fine analysis is about the investigation of gripping types (crush
grip, pinch grip, support grip), coupling types (form and force closure), and hand position (neutral or non-neutral).
Design parameters will finally be determined by considering all these factors, with the help of guidelines about e.g.
hand anthropometry (Strasser, 2011).

Ergonomic handle design also generally entails using many subjects for the evaluation of prototypes. This
evaluation is purely subjective, and justifiably so, as handle design has a strong subjective element rooted in the
communication of comfort as sensation. But this also causes high development costs and development times.
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Handle design lacks an objective method for making comfort measurable. Take for example the case of vehicle seat
comfort. A seat can be checked for comfortable pressure distribution and can be compared with other seats
(Hartung, 2006). Thus the seat design can be objectively improved. It is also possible with FEM simulation to
predict the discomfort of sitting and to improve on the CAD model (Mergl, 2006).

Research indicates that pressure distribution while gripping has a major impact on discomfort (Kuijt-Eversa, 2007).
The aim is, therefore, to develop an objective method for comfort evaluation of work equipment, based on a digital
hand model, taking into consideration pressure discomfort models in handle design (see Figure 1). With this new
method, the constructor should already receive information on the CAD model about handle design parameters for
the design of comfortable work equipment grips, thus enabling the number of test subjects and expensive prototypes
to be reduced.

Pressure Discomfort Model Digital Hand Model
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|

* Pressure limits [kPa] [adoption]

Figure 1. Objective grip comfort optimization: "Comfortyping"

LITERATURE REVIEW

Pressure effect

When a pressure acts on the skin over a longer period of time, the blood vessels dilate to maximize blood flow. This
is shown by the increasing redness of the skin. After a while a second stage begins, where the blood starts to
coagulate in the capillaries. If tissue deformation limits are exceeded, inhibition of the blood flow in the tissue
occurs. This may in the worst case lead to cell destruction and an associated release of toxic substances that
stimulate pain. Pain occurs when the body’s trained nociceptors signal that tissue-damaging stimuli noxious to the
human body are acting (Murray, et al., 2001).

Dents in the range of 0.01 mm already evoke sensations of pressure in the palm. Tissue damage can occur if more
significant localized pressure is applied. Thus pressure applied from 0.42 to 0.5 N/cm? for a duration of 2.5 minutes
can result in a pressure collapse or obstruction of the blood flow (Hartung, 2006). However, with interim relief of
the skin, higher pressures are tolerable.

Bennet et al. (1979) found that with high shear forces only half the pressure is required to occlude blood flow. The
results relate to an area on the back of the hand, but appear to be transferable in principle to the palm. Goosens
(1994) observations on the sacrum in young healthy subjects record hypoperfusion following 1.16 N/cm 2 of pure
compression. Moreover, a shearing load of 0.31 N/cm? is already equivalent to a pressure load of 0.87 N/cm? and is
sufficient to cause critical constriction of the blood flow.

In addition, adaptation behavior comes into play in relation to pressure stimulus level and duration. A distinction is
made here between very fast, medium-fast and slowly adapting receptors. Schmidt (1977) applied three pressure
stimulus levels of 995g, 525g, and 155g on the skin and measured the receptor discharge (Imp/s) over a time of just
40 seconds. He found adaptation of the pressure receptors to pressure stimulus. For example, receptor discharge
converged from 100 Imp/s to 10 Imp/s.
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Pressure discomfort model

A pressure discomfort model is derived from subjective ratings and objective pressure values (Hartung, 2006 p. 22).
Pressure values are referred to as pressure discomfort thresholds (PDTs) (Aldiena et al., 2005). The term discomfort
stands in relation to biomechanical and fatigue factors (Zhang, et al., 1996). Another key parameter is pressure pain
thresholds (PPTs). PPTs describe the level of pressure that is perceived by the subject as painful (Rodday et al.,
2011).

Based on this pressure pain research, Hall et al. (1993) examined the PPT of 64 skin areas and showed that the heel
of the hand and the fold of skin between the thumb and index finger are sensitive to pressure. Figure 2 shows a
section of the PPT of the palm. Further pressure pain investigations were carried out by Stevens et al. (1959) and
Brennum et al. (1989). Women generally had significantly lower PPTs than men. The PPTs were mostly performed
with a pressure algometer. But PPTs vary considerably in different publications depending on the methodology, the
anatomical region of the pressure surface and the pressure increase. In addition a dependency of pressure sensation
in relation to the form, size and material of the pressure stamp has been shown (Hall, et al., 1993).

The designer basically has to fall back on the PDTs of Hall et al. (1993) and Johansson et al. (1999). In the work of
Johannson et al. (1999) the PDTs for three points of the palm were determined by pressure stamp. The results show
that the index finger, the center of the hand area and the thumb have different sensations, and the thumb as opposed
to the index finger and the center of the hand area is more sensitive to pressure. The PDT for the middle finger is
188 kPa, for the center of the hand area is 200 kPa, and for the thumb is 100 kPa. Using color subtractive printing
films (Prescale) Hall also identified a PDT of 104 kPa for the entire palm (Hall et al., 1993). Overall, Lindqvist et al.
(2008) recommended a uniformly distributed pressure distribution of 200 kPa on the palm as a rule for work
equipment.

Work equipment handles produce different pressures on the palm depending on time. Thus the existing PDT, which
lies between 100 kPa and 200 kPa, cannot be used to rate handle comfort. For example, handles that produce long-
term pressures on the palm below 100 kPa will always be comfortable (e. g. vacuum cleaner handle), and handles
that produce a short-term or pulsed pressure of about 200 kPa on the palm will always be uncomfortable (e. g.
hammer handle). Also for handles that produce shear forces or vibration on the palm surface, established PDTs are
irrelevant, because these factors can raise the pressure sensation (Bennet et al., 1979).

Digital hand model

Digital hand models are generated by computer representations of the hand and can be simulated using either the
multibody systems method (MBS) or the finite element method (FEM). It is also now possible to couple the methods
of FEM and MBS together. In contrast to MBS models, FEM models are deformable and can calculate mechanical
stresses such as pressure in certain parts of the body. MBS models consist of rigid non-deformable bodies connected
to one another by kinematic joints. Using the MBS method, it is only possible to determine the kinematics of the
body and the contact forces. These data are used for example, as input data for FEM simulation (Merten, 2008 p.
45ff).

Numerous digital human models that reflect the human hand as commercial software packages are already available.
MBS models are primarily used in RAMSIS and ANYBODY to support ergonomic design optimization processes.
An example of a coupled FEM / MBS human model is MADYMO, which was developed primarily for simulating
crash tests. The data from MADYMO come from the human model HUMOS (Keppler, 2003 p 10f). Material
properties relevant for hand models, such as density, Young's modulus, and Poisson's ratio for bone, skin, muscle,
and tendons, are also known.

Other digital hand models focus on realistic simulation. For example, Wu (2012) developed a combined FEM and
MBS finger model of three finger segments with realistic bones, nails and soft tissue. In the course of validation,
pressure distribution in relation to handle stiffness and changes in geometry was simulated (Wu et al., 2005). Han et
al. (2008) developed an FEM fingertip and simulated the pressure distribution on the fingertip when opening can
tabs. The results revealed that over a large contact area pressure distribution was reduced to the fingertip. Xie et al.
(2013) presented a static FEM hand model for the simulation of non-linear contact deformations, in particular in
relation to realistic overlapping of the skin.
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METHOD

The objective method was developed using an iron bender as application example. An iron bender is a hand tool for
bending iron. When bending, the worker is physically stressed and feels pain on the palm after prolonged use. In the
worst case, this can cause blisters and redness on the palm that impair the health of the worker.

Work equipment dependent pressure discomfort model

To bend iron, the worker (usually male) as a rule uses the right hand to press the lever and the left hand to hold the
iron. Therefore, it is a closed kinematic chain (dual wielding). The working movement extends approximately 60°
with respect to the frontal plane. The bending is usually performed in a standing position. The bending process takes
about 3 seconds, and one iron is bent per minute. To transmit a high force, the bending handle is gripped with a
crush grip. The grip presses against the palm in a form fit, with neutral hand position. To bend an iron, an average
bending force of 200N, determined with a load cell, is required.

Pressure distribution between the palm and three printed handles was measured with 6 FSR (Force Sensing
Resistors). Their output voltages were recorded with PLX-DAQ (Data Acquisition Parallax tool) and were
calculated by means of approximation functions. The three handles, with the same surface roughness and stiffness,
varied in relation to the mean radius (minimum R = 12 mm, medium R = 16 mm, maximum R = 18 mm). These
were attached to the handle of the drill stand.

A comfort multiplier of 9.43% for the palm was determined from the ratio between the average pressure values and
the PPT of Hall et al. (1993). Finally, the pressure discomfort model for the iron bender was determined from the
PPT of Hall et al. (1993) and the work-equipment dependent comfort multiplier.

FEM hand model

The skeleton model of the hand was derived from the biomechanical human model "OpenSim" and adjusted to a
50th percentile man. For the determination of the outer contour of the undeformed human hand the data of
"MakeHuman" were available. Starting from point clouds, the CAD software CATIA V5 (Dassault Systémes, IBM)
was used to produce solid models of the hand and bones. The positioning of the bones within the hand contour was
based on computed tomography images of a man under the "Visible Human Project". Finally, the skeleton model
was subtracted from the soft tissue geometry. Furthermore, crosslinking of the hand model in 3D tetrahedral
elements was carried out.

Because only one force direction was crucial for the application, an isotropic material behavior was chosen as a
simplification. It is known from the literature that the behavior of human tissue is non-linear. But the investigation
of Robin (2001) shows in MADYMO Release (2010) a linear material behavior of the hand tissue, for an application
of max. 200kPa. Therefore, a linear material model was chosen for modeling. Since the fabric, according to the load,
always returns to its original shape, the material behavior is modeled as elastic. Human tissue is therefore simplified
for the model to be isotropic, linear and elastic. The handles defined as a silicon resin compound. Table 1 shows the
material properties.

Boundary conditions were taken to be the contact conditions between the skeletal and soft tissue model and the
handle surface. The handle was placed in the correct position on the hand surface, as in standard tests. For
optimization, the handle with the lowest pressure values was selected as reference geometry. Optimum geometry
and dimensions were found by manually modifying the shape of the handle.

Table 1: Material properties

Material r:tiisoson's Density ;(::::I':ﬁuss Reference
Soft tissue model 0,3 694 kg/m? 0,02 MPa (Yamada, 1973)
Skeleton model 0,3 2363 kg/m3 18 GPa (Yamada, 1973)
Handles model 0,3 2320 kg/m3 25000 MPa (CATIA V5)
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RESULTS

The comfort optimization method for work equipment based on a digital hand model is derived from the example of
an iron bender. It comprises both comfort analysis and comfort optimization. Figure 2 shows the individual work
packages of the method.

The aim of comfort analysis is to derive a work-equipment-dependent pressure discomfort model (PDT model) for
the palm of the hand. The first step in determining the PDT model is to define and analyze the significant variables
influencing the work equipment on the hand side and work side. Hand-side factors include gripping and coupling
type, hand and body posture, but also hand types. Work-side factors include the level of force and force direction, as
well as the kinematics of the applied force. Secondly, pressure distributions between grip and palm have to be
measured in relation to varying handle design parameters. From the pressure distributions and the pressure pain
threshold (PPT) of the palm as measured, a work-equipment-dependent multiplier can be determined. Subsequently,
this multiplier can be used to transform the PPT values to the PDT values. The difference between PPT and PDT
gives the tolerance range of upper and lower pain thresholds. The lower pain threshold is the so-called pressure
discomfort threshold (PDT), which is work-equipment dependent. Embedded in a discomfort model, this PDT can
already be used as a guideline for the evaluation of pressure distribution for gripping, so that the designer can decide
after a few minutes how the handle will feel after several hours.

Grip comfort optimization is thus derived from a work-equipment-dependent PDT model based on a digital hand
model. For this purpose, a simulation model of the human hand must first be created. This can be derived in the
form of a skeleton model from open source programs such as "OpenSim", and in the form of a soft tissue model
from "MakeHuman", and these models can be scaled in a CAD program such as CATIA V5 to the desired hand
sizes. The simulation model must also reflect the information from hand-side and work-side comfort analysis.
Manipulations such as gripping and coupling types, as well as hand position, must be transferred to the CAD system.
After proper positioning of the grip on the palm, and the definition of boundary conditions such as contact and load
conditions, the entire range of parameters can be meshed into a single model. Grip comfort optimization can finally
be performed by varying different handle design parameters and checking the PDT borders. The aim is to bring the
pressure peaks below pressure discomfort thresholds.

From the example of the iron bender it can be seen that hand point 3 has a low pressure sensitivity of 74 kPa. By
varying handle shape, the pressure on hand point 3 was reduced to approximately 55kPa. Furthermore the pressure
between the forefinger and thumb should be reduced, for example, by increasing the softness of the covering
material.
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Figure 2. Comfort optimization method for work equipment based on a digital hand model
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DISCUSSION

The work-equipment-dependent discomfort model (PDT) in Figure 2 was investigated with four male subjects
between 27-45 years of age. For this purpose, three handles were attached to the handle of the drill stand. The
subjects had to press the handles for a total of 3 minutes. The handles were pressed approximately with 200N and
held for 3 sec., resulting in 12 pressure actuations per minute and a total of 36 actuations. The discomfort sensation
was then evaluated for the six hand points. The evaluation was conducted on a scale of 1 to 3 (3 = high, 2 = medium
and 1 = low discomfort sensation). The subjects were previously instructed about the relevant factors and were
obligated to comply with them. However, in the experiments the influence of variables such as body position, grip
type, hand position and force transmission were also checked.

Table 2 shows the measurement results for pressure distribution and discomfort evaluation with respect to all three
types of handle. Overall high discomfort can be seen in relation to hand positions when pressure distribution lies
above the PDT. High discomfort was created in handle shape 1 of hand point 4, as shown by the pressure
measurement of 136 kPa, along with a significant excess of PDT at 63kPa. If the pressure distribution was below a
PDT, the affected hand point was evaluated as experiencing little discomfort. It is also recognizable that at hand
point 5 pressure distribution lay within the PDT values for all handles. At pressures with a slight deviation from the
PDT, the affected hand point was evaluated as experiencing moderate discomfort. For example, a uniform
distribution of pressure was felt in handle shape 2, where pressure distribution showed a slight deviation from the
PDT.

The simulation results shows red spots at a pressure above 100 kPa. It can be clearly seen that a flat handle causes a
pressure increase between the thumb and index finger. Also a sharp handle causes a high pressure value in the
middle of the hand surface. The oval handle is comfortable after the simulation, because pressure distribution is
below PDT values at hand point 2 and 5. This geometry was selected as the reference model for optimization.
Optimization required five pressure simulations and geometry variations to reduce the pressure below the PDT value
at hand point 5. The pressure at hand point 2 could not be reduced by changing the geometry. Here a softer material
should to be chosen. It is recommended that these steps be programmed in future by an optimization algorithm. The
pressures as measured were achieved overall in spite of the simplified geometry and material properties.

Table 2: Validation of the method
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CONCLUSIONS

The comfort evaluation method developed in this research project by means of the work-equipment dependent
discomfort model (PDT) is an effective tool for assessing handle shape. The method was applied using the example
of an iron bender with three different handles. First the factors influencing the work equipment were analyzed and
determined. Pressure distributions were then measured on the palm in relation to three handle shapes, using the
defined factors. From the average pressure distribution of the work equipment on the palm, and using the PPT from
Hall et al. (1993), a comfort multiplier and a discomfort model (PDT) were derived. The results show that exceeding
the PDT produces high discomfort and falling below the PDT produces less discomfort in the subjects. It may,
therefore, be concluded that the discomfort model with defined factors can be used for evaluating comfort in using
an iron bender and similar tools, and that handle shape can be designed by applying the discomfort model (PDT) to
create a more comfortable grip.

The remaining handle design parameters — dimensions, material and surface — are still to be investigated in relation
to the PDT, and the impact on discomfort and pressure distribution of varying those parameters remains to be
clarified. It may turn out that the main determinant of pressure distribution, and thus discomfort, is variation of
shape. In this case a PDT model will depend in practice on shape variation.

In addition, the shear forces that occur during the use of work equipment should be included in the comfort
multiplier. For the iron bender, shear forces could be neglected, as pressure distribution mostly arose in the palm.
But screwdrivers, for example, inevitably generate shear forces on the palm, which may affect the pressure sensation
to a high degree (Bennet et al., 1979).

Further studies must be performed with respect to age-related factors among elderly people. Currently, there are no
PPTs of subjects over the age of 60. It has been found that, because of the lowering of sensitivity associated with
aging, older people perceive pressure difference less acutely (Zenk, 2008). Other age-related factors include the
reduction of the friction coefficient of the hand surface and the reduction of muscle strength and fat. Further research
is needed into the role played by these changes for the PDT model, by investigating, for example, whether older
people have a higher or lower PPT and PDT.

For the development of the simulation model, the principle was to reproduce the overall behavior of human tissue
(including muscles, tendons, connective tissue, etc.) and material as easily and accurately as possible. The
occurrence of processes and interactions in tissues or between muscles was disregarded: only the bones and
surrounding tissue were modeled, as two separate entities, without reproducing internal structures. This procedure
reduced possible sources of error, as well as high computation time. In future, the simulation model should
approximate reality more closely, in order to calculate pressure distributions more accurately. In addition, a coupled
MBS/FEM hand model is desirable in order to include gripping force and frictional forces in the pressure
simulation.

The overall aim of the research is to program an ergonomics software "Comfortyping" using a readily available hand
model. The user should, after importing the handle, choice of influence factors and PDT values, be able to derive
proposals for handle design parameters: for example, spline proposals, which can then be imported into the CAD
system. Such a program requires a database of different variables such as grip types and gripping forces, as well as
hand-type and hand-position-dependent material properties. The program should offer a choice of three hand types
with low, medium, and high levels of subcutaneous fat. In addition, it should scale the hand models independently
by percentile and gender. By means of a "snapping" function, the hand model should automatically grip the tool
handle.
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