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Theoretical Analysis and
Optimization of a Gloved
Hand–Arm System
Studies have shown that isolators in the form of antivibration (AV) gloves effectively
reduce the transmission of unwanted vibration from vibrating equipment to the human
hand. However, as most of these studies are based on experimental or modeling techni-
ques, the level of effectiveness and optimum glove properties for better performance
remains unclear. To fill this gap, hand–arm system dynamics with and without gloves are
studied analytically in this work. In this work, we use a lumped parameter model of the
hand–arm system, with hand–tool interaction modeled as a linear spring–damper system.
The resulting governing equations of motion are solved analytically using the method of
harmonic balance. Parametric analysis is performed on the biomechanical model of the
hand–arm system with and without a glove to identify key design parameters. It is
observed that the effect of glove parameters on its performance is not repetitive and
changes in the studied different frequency ranges. This observation further motivates us
to optimize the glove parameters to minimize the overall transmissibility in different fre-
quency ranges. [DOI: 10.1115/1.4051662]

Introduction

It is a well-known fact that the prolonged exposure of vibrations
to the human body is hazardous and needs to be avoided [1–4].
These unwanted vibrations can be broadly classified into two cate-
gories: (1) whole-body vibration (WBV), i.e., vibrations transmitted
to the whole body through a vibrating supporting surface, and (2)
segmental vibration, i.e., vibrations transmitted to a particular part
of the body [5]. Since the measurements and the prolonged effects
of WBV (such as spinal disorders, Hemorrhoids, and digestive
problems) [6–8] are different from those of segmental vibrations
(such as white fingers, muscle injuries, and joint disorders) [2,9],
they need to be studied and analyzed separately. Note that WBV
has already been studied extensively by researchers across the
world. Accordingly, the solutions to minimize the levels of WBV
(such as passive air suspension and active electromagnetic suspen-
sion) have been well-developed and understood [6–8,10,11]. How-
ever, an effective method to reduce the level of segmental vibration
still needs to be explored. One of the types of segmental vibrations
is hand–arm vibration (HAV), which causes hand–arm vibration
syndrome (HAVS). HAVS further includes neurological disorders,
vascular, and musculoskeletal injuries. Therefore, it is necessary to
understand the dynamics of HAV and accordingly develop methods
to minimize it. This is the prime focus of this paper.

Hand–arm vibration syndrome is caused by the vibration trans-
mitted to the human hand through power hand tools used in differ-
ent sectors such as mining, agriculture, construction, and
manufacturing industry. As mentioned earlier, when no preventive
measures are taken, HAVS can lead to neurological disorders,
vascular and musculoskeletal injuries [12–15]. It has been found
that these vascular injuries in the worker’s hand will eventually
lead to “white fingers,” similar to the aging process [16]. Note
that HAVS is not limited to the workers in the mining or construc-
tion industry only. Prolonged exposure of vibration through daily
equipment such as electric grass trimmer also subjects the user to
risks of HAVS [17]. Another primary source of HAVS is vibrating
steering wheels [2,9,18]. Experimental works have demonstrated
that low-frequency vibrations (<40 Hz) are more harmful to driv-
ers of an off-road vehicle [9,19]. Hence, it is required to take pre-
ventive measures to limit the levels of HAV.

One of the simple and convenient ways to minimize HAV is
the use of antivibration (AV) gloves. Over the last two decades,
considerable efforts have been made to measure the effectiveness
of AV gloves [20–25]. It has been observed that at high frequen-
cies, the transmissibility of an AV glove increases with increasing
glove dynamic stiffness [23] but decreases with increasing appa-
rent mass of the part of the body in contact with the glove material
[24]. Also, depending on the glove material, the transmission of
vibration through a glove can be increased or decreased when
increasing the grip force [25]. However, these AV gloves have
shown excellent performance at high frequencies (i.e., >150 Hz),
but the inferior performance at low frequencies [26,27]. These
observations further motivate us to perform a systematic analysis
of hand–tool interaction to understand the dynamics of the
hand–arm system with and without gloves and to measure the
effectiveness of AV gloves.

To understand the dynamics of HAV with and without AV
gloves, different mathematical models have been developed for
simulating the biodynamics of the hand–arm system (HAS) (dis-
tributed at the finger, palm of hands, and the upper arms) under
vibrations. These models are generally presented by multidegree-
of-freedom (MDOF) systems with hand–tool interaction modeled
as a linear spring–mass–damper system [28–31]. Using these
MDOF models for the hand–arm system, it was observed that the
transmissibility of the system depends on the body posture, excita-
tion magnitude, and combination of grip and push forces [31].
However, to the best of our knowledge, most of these studies are
based on experimental and modeling techniques aimed at deter-
mining the effectiveness of the AV glove [26,32–34]. Also, none
of the earlier works have systematically analyzed the optimum
values of the glove material properties (viz., stiffness, mass, and
damping). Hence, this work aims to analytically study the
dynamic interactions between a gloved hand–arm and vibrating
handle system and determine the optimum values of the AV glove
to limit/minimize the transmissibility of HAV.

Toward realizing this goal, we have extended the existing
MDOF models of the hand–arm system by including a linear iso-
lator between the source of excitation and handle. This work is an
extension of our preliminary work presented for the first time at
the 2019 DSCC conference [35]. For the sake of simplicity, the
hand–tool interactions are modeled through linear springs and vis-
cous dampers, and accordingly the linear governing equations of
motion are presented. The harmonic balance method is used to
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analytically study the dynamic of the gloved hand–arm system in
contact with a vibrating handle. Optimum values of the glove
parameters are obtained to minimize the glove’s transmissibility.

Mathematical Formulation

The schematics of a MDOF model of the hand–arm system,
without and with gloves, are shown in Fig. 1. Both HAS models
were originally developed by Dong et al. [29]. This model is an
extension of the MDOF model studied in Ref. [29]. The schematic
of the hand–arm system without an AV glove is shown in
Fig. 1(a). In this model, the hand is represented by a clamp-like
structure with mf and mp representing the masses of the fingers
and combined palm and wrist bone structures, respectively. mf

and mp are connected through linear viscous and spring elements
c1; k1ð Þ, representing the visco-elastic properties of carpal and

metacarpal bones. The masses of tissues and skin covering the fin-
gers and palm–wrist, which is further in contact with the handle of
vibrating equipment, are represented by mtf and mtp, respectively.
The tissue masses of the fingers and palm–wrist, i.e., mtf and mtp,
are coupled to mf and mp, respectively, through linear viscous and
spring elements c2; k2ð Þ and c3; k3ð Þ as shown in Fig. 1. The mass

of the bones, tissues, and the skin of the forearm and upper arm
are represented by the lumped mass m0. Also, the linear viscous-
elastic properties of the forearm and upper arm are lumped at the
wrist cw; kwð Þ. The body/trunk is modeled as a fixed surface and
connected to mass m0 through linear spring and viscous elements
c0 and k0ð Þ. The vibrating equipment considered here is a steering

wheel connected to the steering box via steering column [36,37].
In this work, vibrations transmitted to the steering box via the
engine are modeled as external excitation. Considering the steer-
ing column as a rigid bar with a very high stiffness, the visco-
elastic properties of the steering column are ignored. Instead, the
connection between the steering wheel and steering box is taken
to be the visco-elastic property of a rubber cushioning pad
between the steering column base and steering box. The handle of
the vibrating equipment is modeled as lumped mass mH, which is
in contact with the fingers and palm–wrist. The rubber cushioning
pad connecting the handle and the base (which is excited) is mod-
eled with equivalent linear spring ksð Þ and viscous damper csð Þ.
The value of mH is obtained from Ref. [36], while the values for
ksð Þ and csð Þ are estimated.

The schematic of the hand–arm system with an AV glove has
been shown separately in Fig. 1(b). The glove material between
the handle and gloved-hand interface is represented by linear vis-
cous c6; c7ð Þ and spring elements k6; k7ð Þ with lumped mass ele-
ments mg3; mg4; mg5; mg6ð Þ distributed at the fingers and palm-
side interface. The other side of the glove is represented by the
additional masses mg1ð and mg2Þ with linear viscous damper c4ð Þ
and stiffness k4ð Þ as shown in Fig. 1(b). Note that the remaining
parameters for this model are the same as the hand–arm system
without gloves.

For this analytical model, z(t) is the external excitation. The
other generalized coordinates of the hand–arm system with a
glove are chosen as the motion of the finger tissue and skin mass
mtf (ztf), palm–wrist tissue and skin mass mtp (ztp), fingers mass mf

(zf), palm–wrist mass mp (zp), handle mass mH zHð Þ, and lumped
forearm and upper-arm mass m0 z0ð Þ along the z-direction, making
it a 6DOF system. However, it should be noted that for the case of
the hand–arm system without a glove ztf and ztp will be the same
as zH, which further makes it a 4DOF model. Having established
all the generalized coordinates, we now use the energy method to
obtain the equations governing the dynamics for both scenarios.

Case 1: For the case of the hand–arm system without glove
(Fig. 1(a)), the total kinetic energy (T) and the potential energy
(U) of the system are given by

T ¼ 1

2
m0 _z2

0 þ
1

2
mp _z2

p þ
1

2
mf _z2

f þ
1

2
mtp þ mtf þ mHð Þ _z2

H (1a)

U ¼ 1

2
k0z2

0 þ
1

2
kw z0 � zpð Þ2 þ

1

2
k1 zp � zfð Þ2 þ

1

2
k2 zH � zfð Þ2

þ 1

2
k3 zp � zHð Þ2 þ

1

2
ks zH � zð Þ2

(1b)

Accordingly, the Lagrange function for this system is defined
as

L ¼ T � U (2)

and the equations governing the dynamics of the system with time
can be obtained from the Euler–Lagrange equation

d

dt

@L

@ _zi

� �
� @L

@zi
¼ Fi (3)

where z0is are the generalized coordinates, and Fi represents the
force in zi coordinate. These generalized coordinates for the
hand–arm system without gloves are zf g ¼ z0; zf ; zp; zH½ �0. The
forces in the generalized coordinates can be written as

Fig. 1 Schematic of hand–arm system (a) without glove and
(b) with glove coupled to a steering wheel [29]
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F1

F2

F3

F4

2
664

3
775 ¼

�c0 _z0 � cw _z0 � _zpð Þ
�c1 _zf � _zpð Þ � c2 _zf � _zHð Þ

�cw _zp � _z0ð Þ � c1 _zp � _zfð Þ � c3 _zp � _zHð Þ
�c2 _zH � _zfð Þ � c3 _zH � _zpð Þ � cs _zH þ kszþ cs _z

2
664

3
775
(4)

Therefore, the equations of motion for the system in these coordi-
nates can be obtained using Eqs. (1)–(3) and can be written in
compact form as

M½ � €zf g þ C½ � _zf g þ K½ � zf g ¼ Feqf g (5)

where M½ �; C½ �, and K½ � are 4� 4ð Þ inertia, damping, and stiffness
matrices, respectively, Feqf g is 4� 1ð Þ force vector, and zf g is
4� 1ð Þ generalized displacement coordinate vector. These matri-

ces are defined in the Appendix. In a next step, we present the
equations of motion governing the dynamics of the hand–arm sys-
tem with gloves.

Case 2: The total kinetic energy and the potential energy of the
hand–arm system with gloves are given as

T1 ¼
1

2
m0 _z2

0 þ
1

2
mp þ mg2ð Þ _z2

p þ
1

2
mf þ mg1ð Þ _z2

f

þ 1

2
mtp þ mg4ð Þ _z2

tp þ
1

2
mtf þ mg3ð Þ _z2

tf

þ 1

2
mg5 þ mg6 þ mHð Þ _z2

H (6a)

U1 ¼
1

2
k0z2

0 þ
1

2
kw z0 � zpð Þ2 þ

1

2
k1 zp � zfð Þ2 þ

1

2
k2 ztf � zfð Þ2

þ 1

2
k3 zp � ztpð Þ2 þ

1

2
k4 zp � zfð Þ2 þ

1

2
k5 ztp � ztfð Þ2

þ 1

2
k6 zH � ztfð Þ2 þ

1

2
k7 ztp � zHð Þ2 þ

1

2
ks zH � zð Þ2

(6b)

Accordingly, the Lagrange function for this system is defined
as

L1 ¼ T1 � U1 (7)

and therefore, the Euler–Lagrange equation for this system
will be

d

dt

@L1

@ _̂zi

� �
� @L1

@ẑi
¼ F̂i (8)

where ẑi are generalized coordinates of the system with gloves,
and F̂i represents the force in ẑi coordinate. The generalized
coordinates for the hand–arm system with gloves will be

ẑf g ¼ z0; zf ; zp; ztp; ztf ; zH½ �0. The forces in the generalized coor-
dinates can be written as

F̂1

F̂2

F̂3

F̂4

F̂5

F̂6

2
66666666664

3
77777777775
¼

�c0 _z0 � cw _z0 � _zpð Þ
� c1 þ c4ð Þ _zf � _zpð Þ � c2 _zf � _ztfð Þ

� c1 þ c4ð Þ _zp � _zfð Þ � c3 _zp � _ztpð Þ � cw _zp � _z0ð Þ
�c5 _ztp � _ztfð Þ � c3 _ztp � _zpð Þ � c7 _ztp � _zHð Þ
�c5 _ztf � _ztpð Þ � c2 _ztf � _zfð Þ � c6 _ztf � _zHð Þ

�c6 _zH � _ztfð Þ � c7 _zH � _ztpð Þ � cs _zH þ kszþ cs _z

2
66666666664

3
77777777775
(9)

Hence, the equations of motion for the hand–arm system with
glove in these coordinates can be obtained using Eqs. (6)–(8) and
can be written in a compact form as

M1½ � €̂zf g þ C1½ � _̂zf g þ K1½ � ẑf g ¼ F̂eq

n o
(10)

where M1�; C1�½½ , and K1½ � are 6� 6ð Þ inertia, damping, and stiff-

ness matrices, respectively, F̂eq

n o
is 6� 1ð Þ force vector, and

ẑf g is 6� 1ð Þ generalized displacement coordinate vector. These
matrices are further defined in the Appendix.

Experimental Validation of Hand–Arm System Model

To ensure that the response of the HAS model with and without
a glove (described in the “Mathematical Formulation” section)
matches with the response of a real human HAS, we compare the
HAS model’s response at the palm and finger against the experi-
mental results measured at the palm and finger of a human being.
To perform this comparison, we use unweighted relative transmis-
sibility as defined below:

tpð Þwithout glove
¼ zp

Z0

tfð Þwithout glove
¼ zf

Z0

(11)

Similarly, the unweighted transmissibilities of the palm and fin-
gers with a glove are defined as

tpð Þwith glove
¼

zpð Þwith glove

Z0

tfð Þwith glove
¼

zfð Þwith glove

Z0

(12)

Then, the “relative transmissibilities” at the palm and fingers
[29] are defined as

Tp ¼
tpð Þwith glove

tpð Þwithout glove

Tf ¼
tfð Þwith glove

tfð Þwithout glove

(13)

The parameters used for this part of the exercise correspond to
a gel-filled glove as reported by Dong et al. [29]. To obtain the
models’ relative transmissibility response, the numerical time
response of the system to broadband random excitation, with a flat
power spectral density of 3:0 ðm=s2Þ2=Hz, is obtained using MAT-

LAB routine “ode45.” Afterwards, the system’s frequency response
is obtained using the fast Fourier transform on the time response,
which is obtained using the MATLAB built-in command “fft.” Fur-
ther, the experimental transmissibility data at the palm are
obtained using the palm adapter method [28], while the experi-
mental transmissibility data at the finger are obtained using the
experimental biodynamic method [29].

The comparison between the experimental and model response
data against each other is shown in Fig. 2. From Fig. 2, the experi-
mental data and model responses match with a few discrepancies
as also noted in Ref. [29]. For the finger response, the modeled
transmissibility values deviate from the experimental transmissi-
bility values at frequencies less than 100 Hz. Apart from these
deviations, the response of the model is fairly consistent with the
response obtained experimentally. As such, we proceed using the
model responses to analyze the AV glove.

The analytical solutions of these coupled second-order ordinary dif-
ferential equations for the hand–arm system with and without gloves
(Eqs. (5) and (10)) are presented in the Analytical Solution section.

Analytical Solution

In this section, we briefly present the method of harmonic bal-
ance (i.e., undetermined coefficient method) to solve the equations
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of motion governing the dynamics of the hand–arm system with
and without gloves. For the current analysis, we employ a har-
monic excitation in the form of

z tð Þ ¼ Z0 cos xtð Þ (14)

where Z0 and x are the amplitude and frequency of the external
excitation, respectively. At this stage, we look for the solutions
synchronous with external excitation, and hence, without any loss

of generality, we assume the solutions of Eqs. (5) and (10) in the
form of

fzg tð Þ ¼ fAg cos xtð Þ þ fBg sin xtð Þ (15)

fẑg tð Þ ¼ fA1g cos xtð Þ þ fB1g sin xtð Þ (16)

where fAg and fBg are 4� 1ð Þ columns vectors with unknown

coefficients A0is and B0is i ¼ 1� 4ð Þ, respectively, and fA1g and

Fig. 2 Comparison of the HAS model relative transmissibility response with experimental transmissibility
response at the (a) palm and at the (b) finger

Fig. 3 Comparison of numerical and analytical solutions for the responses of (a) fingers without gloves, (b)
palm without gloves, (c) fingers with gloves, and (d) palm with gloves. The other parameters are chosen as
Z0 5 1; x 5 40 rad/s; mg2 5 mg1; mg4 5 mg3; mg6 5 mg5; k7 5 k6, and c7 5 c6.
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fB1g are 6� 1ð Þ columns vectors with unknown coefficients A01is
and B01is i ¼ 1� 6ð Þ, respectively. On substituting fzg(t) and
fẑg tð Þ in Eqs. (5) and (10), respectively, we get

�x2 M½ � Af g cos xtð Þ � x2 M½ � Bf g sin xtð Þ
�x C½ � Af g sin xtð Þ þ x C½ � Bf g cos xtð Þ þ K½ � Af g cos xtð Þ
þ K½ � Bf g sin xtð Þ ¼ Feqf g

(17)

�x2 M1½ � A1f g cos xtð Þ � x2 M1½ � B1f g sin xtð Þ
�x C1½ � A1f g sin xtð Þ þ x C1½ � B1f g cos xtð Þ

þ K1½ � A1f g cos xtð Þ þ K1½ � B1f g sin xtð Þ ¼ F̂eq

n o (18)

By equating the coefficients of sine and cosine on both sides of
Eqs. (17) and (18), we obtain two sets of algebraic equations

corresponding to the ungloved and gloved hand, respectively. On
solving these linear algebraic equations, we get fAg, fBg, fA1g,
and fB1g, and accordingly, the amplitude vectors fzg and fẑg
(Eqs. (15) and (16)). The closed-form expressions of the elements
of these amplitude vectors are very complex and hence, for the
sake of brevity, are not reported. A detailed analysis of the sys-
tems, i.e., HAS with and without gloves, using the analytical solu-
tions is presented in the Results and Discussion section.

Results and Discussion

In this section, a parametric study is carried out to analyze the
effectiveness of the antivibration gloves against the transmitted
vibrations. The mechanical properties of the hand–arm system
and glove, used for the numerical simulations, are presented in
Table 1. For the sake of simplicity in the parametric analysis, the

Fig. 4 Comparison of palm transmissibility curves with and without gloves with different glove parameters

Table 1 Parameters of the hand–arm system and glove based on parameters of a gel-filled glove determined in Ref. [29]

Parameter Value Units Parameter Value Units Parameter Value Units

m0 6.015 (kg) k0 7567 N/m c0 106 N s/m
mp 1.4618 (kg) kw 2978 N/m cw 134 N s/m
mf 0.0958 (kg) k1 4221 N/m c1 52 N s/m
mtp 0.0338 (kg) k2 196,038 N/m c2 122 N s/m
mtf 0.0186 (kg) k3 55,564 N/m c3 126 N s/m
mg1 0.0674 (kg) k4 2417 N/m c4 1 N s/m
mg3 0.0651 (kg) k5 0 N/m c5 0 N s/m
mg5 0.0005 (kg) k6 454,779 N/m c6 106 N s/m
mH 3 (kg) ks 940 N/m cs 79 N s/m
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numerical values of mg2; mg4; mg6, k7, and c7 are kept propor-
tional to mg1; mg3; mg5, k6, and c6, respectively.

The first part of the analysis is to validate the obtained analyti-
cal solutions by comparing them against the numerical simula-
tions of Eqs. (5) and (10). The comparison between numerical
solutions from Eqs. (5) and (10) and analytical solutions from
Eqs. (15) and (16) is presented for mg2 ¼ mg1; mg4 ¼ mg3;
mg6 ¼ mg5; k7 ¼ k6, and c7 ¼ c6. The initial conditions for
numerical simulations are chosen corresponding to steady-state
response. For the numerical simulations of Eqs. (5) and (10), we
have used the built-in command ode45 in MATLAB with very tight
absolute tolerance and relative tolerance 1� 10�10ð Þ.

To compare the analytical solutions and numerical simulations,
we have used the responses of palm and finger (zp and zf) and are
shown in Fig. 3. Figures 3(a) and 3(b) represent the responses of
the fingers and palm without gloves, respectively, while Figs. 3(c)
and 3(d) represent the responses of the fingers and palm with
gloves, respectively. From Fig. 3, we can observe that there is an
excellent agreement between the numerical simulations and ana-
lytical solutions for the given values of system parameters. This
agreement further improves with the increase in time steps. There-
fore, in the remainder of this work, we use the analytical solutions
for the analysis. Having obtained the solution for the response of
different parts of the hand–arm system, the effect of different
glove parameters on the unweighted glove transmissibility (as
defined in Eqs. (11) and (12)) is shown.

For the sake of brevity, we present the transmissibility response
for the palm only. The comparison of palm’s transmissibility with
and without an AV glove for different glove parameters has been
shown in Fig. 4. In this figure, the peak value of the curve repre-
sents the instance of primary resonance. However, the frequency
corresponding to the second and third resonance is not evident.
From Fig. 4, it also seems that the transmissibility response of the
palm with the glove is almost similar to the one without the glove
and is independent of the glove’s parameters.

To make these figures easier to read, the transmissibility data,
with different masses of the AV gloves, are displayed on a
log–log scale. As can be seen from Fig. 5(a), the first resonance
peak is evident, while the appearance of the second resonance
peak is slightly apparent. However, similar to the data presented
on a linear scale (Fig. 4), it is difficult to observe the impact of dif-
ferent masses of the glove on the transmissibility at the palm on
log scale. To make sure this phenomenon was not unique to the
palm, the parametric study analyzing the effects of the glove’s
mass was also performed while examining transmissibility at the
fingers. As seen from Fig. 5(b), it is almost impossible to distin-
guish between the transmissibility plots for different masses of the
AV glove, even though the appearance of resonance peaks on the

transmissibility plot is more apparent. Therefore, to have a better
understanding of the effectiveness of the AV glove and role of dif-
ferent glove parameters, we use the relative transmissibility (as
defined in Eq. (13)).

The effect of different glove parameters on the relative trans-
missibilities is depicted in Fig. 6. From these figures, we observe
that the instances of the primary and secondary resonances are
more evident in relative transmissibility than in absolute transmis-
sibility. Also, the effect of the glove parameters on the glove’s
performance is clearly visible through relative transmissibility.
For instance, the masses of the glove in direct contact with the
handle do not influence the transmissibility significantly. How-
ever, the other glove parameters, which are in direct contact with
the hand, significantly influence the performance of the glove.
From Fig. 6, we can observe that the effect of different glove
parameters on the relative transmissibility is not uniform over a
wide frequency range, in our case 0–500 Hz. Therefore, it is not
possible to select global key parameters of glove, which can
enhance the performance of AV glove over a wide frequency
range. Instead depending on the excitation frequency, key design
parameters of glove can decided to enhance the performance.

It is a well-established fact that damping in some dynamical
systems plays a vital role in achieving better transmissibility [38].
Therefore, it is necessary to have a better understanding of the
effects of damping properties of different parts of gloves on its
performance. To assess the effect of damping on the performance
of an AV glove, we compare relative finger and palm transmissi-
bilities corresponding to the excitation frequencies in the amplifi-
cation (fA) and isolation zones (fI) with varying values of damping
parameters of the AV glove. Excitation frequencies in the isola-
tion region of either the palm or finger satisfy the relation

xexcitation

xnatural frequency;finger=palm

>
ffiffiffi
2
p

while excitation frequencies in the amplification region of either
the palm or finger satisfy the relation

xexcitation

xnatural frequency;finger=palm

<
ffiffiffi
2
p

The amplification region of the fingers and palm corresponds to
the excitation frequencies below 322 Hz and 43 Hz, respectively.
Similarly, the isolation region of the fingers and palm corresponds
to the excitation frequencies above 322 Hz and 43 Hz,
respectively.

Figure 7 depicts the variation of the relative finger transmissi-
bilities, for fA and fI, with different damping properties of the

Fig. 5 Comparison of palm and finger transmissibility curves with and without gloves with different glove
parameters on axes with logarithm scales
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glove. From Fig. 7(a), we can observe that with an increase in
c4, the relative transmissibility decreases irrespective of the
excitation frequencies. However, this observation does not hold
any longer for the case of c6 and c7. From Fig. 7(b), we observe
that the relative transmissibility first decreases with an
increase in the value of c6 and reaches a minimum value at c�6.
With a further increase in c6 after c�6, the relative
transmissibility starts increasing again and asymptotically
reaches a constant value. A similar observation can be drawn for
the case of c7 also, i.e., with an increase in c7, the relative trans-
missibility decreases and asymptotically reaches a constant
value.

Further, we observe that the relative finger transmissibility cor-
responding to fI always remains lower than the transmissibility
corresponding to fA irrespective of the value of c6 and c7. This fur-
ther implies that the choices of c6 and c7 for better isolation are
independent of amplification and isolation zones. However, this
observation does not hold any longer for the case of c4. As the
value of c4 increases, the relative finger transmissibility corre-
sponding to fA becomes lower than the transmissibility corre-
sponding to fI after a critical value of c4(c�4). However, with a
further increase in c4, the relative finger transmissibility corre-
sponding to fA again becomes more significant than the transmissi-
bility corresponding to fI. These observations further help in

Fig. 6 Comparison of relative palm transmissibility curves with different glove parameters
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deciding the ranges of damping parameters to get better vibration
isolation for the fingers.

Now, we look for the effects of different damping parameters
on the relative palm transmissibility. From Fig. 8(a), we observe
that only low values of c4 provide better isolation at the palm for
the excitation frequency corresponding to the amplification zone.
However, this observation is not valid for the case of excitation
frequency in the isolation zone. Figure 8(c) shows that with an
increase in c7 the transmissibility of the palm decreases to a mini-
mum value at c�7 after which it increases again and asymptotically
reaches a constant value. Further, we observe that c6 has no signif-
icant effect on the performance of AV glove for the vibration iso-
lation of palm (Fig. 8(b)).

These observations further help to guide the way various param-
eters in an antivibration glove are tuned, thus ensuring maximum
vibration attenuation at a specific frequency, at which they may be
employed. Also, we observe that the effect of the parameters stud-
ied on the performance of glove is not monotonous and changes
from one frequency to another frequency. This observation is in
consistency with earlier findings that the performance/effectiveness
of the AV glove significantly depends on the application and, con-
sequently, on the frequency of the external excitation.

With this motivation, we optimize the glove parameters to min-
imize the overall transmissibility, and this is presented in the Opti-
mization of Glove Parameters section.

Optimization of Glove Parameters

In this section, we present the optimization of glove parameters
for better isolation performance. Since palm and fingers are in

direct contact with the vibrating steering wheel. We optimize
glove parameters to minimize both, i.e., palm and finger relative
transmissibility together. To perform the multi-objective optimza-
tion, we have used MATLAB’s built-in function “gamultiobj.” These
optimization simulations have been performed with relatively
larger number of initial points, more specifically 105, to ensure the
convergence of glove parameters toward optimum values. gamul-
tiobj returns the value of optimized parameters on the Pareto front
of objective functions (set of inferior objective function values in
the space of objective functions). Note that it is more beneficial to
design a glove with optimal parameters for a specific application
rather than for global purpose. On considering this fact, we per-
form multi-objective optimization for three different frequency
ranges; more specifically, antivibration gloves are optimized for a
low-frequency (5–25 Hz), medium-frequency (25–200 Hz), and
high-frequency (200–1250 Hz) ranges. Further, for the sake of
simplicity in the analysis, we consider that properties of steering
wheel do not change in these different frequency ranges. There-
fore, we are designing the antivibration glove for different
vehicles which have varying excitation frequencies due to factors
such as road terrain or vehicle type. Even though the optimization
results presented in this section are particular to the system with
the steering wheel described, the optimization technique
employed is meant to be applicable to a wide variety of tools
whose mass and visco-elastic properties are different from the
vibrating equipment described in this paper.

Before proceeding further, we define weighted palm and fin-
ger’s transmissibility for optimization. According to the ISO
standard 10819 [39], the weighted transmissibilities at the palm
and fingers without a glove (wng) are defined as

Fig. 7 Comparison of the relative finger transmissibility curves for the frequencies in amplification
(fA 5 286:6 Hz) and isolation zone (fI 5 350 Hz) with different damping values of glove (a) connecting finger
and palm (c4), (b) connecting handle and finger-tip (c6), and (c) connecting handle and palm-tip (c6)
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tpð Þwng
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

zpð Þwithout glove
� x2

i �Whi

h i2

vuut
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

Z0 � x2
i �Whi

� �2vuut

tfð Þwng
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

zfð Þwithout glove
� x2

i �Whi

h i2

vuut
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

Z0 � x2
i �Whi

� �2vuut

(19)

Similarly, the weighted transmissibilities at the palm and fingers
with the glove (wg) can be written as

tpð Þwg
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

zpð Þwith glove
� x2

i �Whi

h i2

vuut
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

Z0 � x2
i �Whi

� �2vuut

tfð Þwg
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

zfð Þwith glove
� x2

i �Whi

h i2

vuut
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXiu

i¼iL

Z0 � x2
i �Whi

� �2vuut

(20)

In these expressions, both iL and iu represent one-third-octave fre-
quency band numbers, xi is the one-third-octave center frequency
for the ith one-third-octave band, and Whi represents the frequency
weighting corresponding to each ith band number as shown in
ISO 10819. For the low-frequency range, iL is set to 6 and iu is set
to 14. For the medium-frequency range, iL is set to 14 and iu is set
to 23. For the high-frequency range, iL is set to 23 and iu is set to
31. The values for the frequency weighting for the low-frequency
range are obtained from Ref. [40]. Therefore, the relative
weighted transmissibilities for the palm and finger, i.e., Tpw and
Tpf, respectively, are defined as

Tpw ¼
tpð Þwg

tpð Þwng

(21)

Tfw ¼
tfð Þwg

tfð Þwng

(22)

In a next step, we define our objective/fitness function for the
gamultiobj as

objective function ¼ min Tpw;Tfwð Þ
flbg � fx � fubg

where fxg represents the vector containing glove parameters to be
optimized and is given by

fxg ¼ fmg3 ; k4 ; k5 ; k6 ; k7 ; c4 ; c5 ; c6 ; c7g

Fig. 8 Comparison of the relative palm transmissibility curves for the frequencies in amplification
(f 5 31.8 Hz) and isolation zone (f 5 47.8 Hz) with different damping values of glove (a) connecting finger
and palm (c4), (b) connecting handle and finger-tip (c6), and (c) connecting handle and palm-tip (c6)
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Also, flbg and fubg represent the lower and upper bounds of the
parameters, respectively, and are given by

flbg ¼ f0:0001; 103; 103; 105; 105; 0:0001; 0:0001; 10; 10g

and

fubg ¼ f0:1302; 2417; 2417; 106; 106; 1; 1; 200; 200g

These parameters have the same units as the parameters of the
glove defined in Table 1. The other parameters of the optimization
glove are not changed to avoid adding weight to the antivibration
glove. Since antivibration gloves are supposed to be more effec-
tive at the fingers, we decided to optimize the glove mass which is

in direct contact with fingers, i.e., mg3 (Fig. 1). The upper bounds
for mg3 of the glove are obtained by doubling the value of mg3

shown in Table 1. The lower bound for the gloves mass parameter
is assumed to be the smallest glove mass (mg5) rounded down to
the nearest power of 10.

The upper bounds for the elastic properties of the glove k6 and
k7 are determined by rounding up their values presented earlier to
the nearest power of 10. However, the upper bounds for the vis-
cous properties of the glove c6 and c7 are determined by rounding
up their value to the nearest multiple of 100. The lower bounds
for k6; k7; c6, and c7 are then determined by rounding down their
values from Table 1 to the nearest power of 10.

Furthermore, Wimer et al. [41] observed that the high stiffness
of antivibration gloves’ elements, connecting the elements of

Table 2 Comparison of optimal parameters obtained from Pareto front for low-frequency range

mg3 k4 k5 k6 k7 c4 c5 c6 c7 Tpw Tfw

Set 1 0.1302 1239.34 1771.85 106 106 1 1 62.67 200 0.9629 0.9547
Set 2 0.1302 2417 1770.89 106 106 1 1 62.63 200 0.9630 0.9514
Set 3 0.1302 2417 1762.32 106 106 0 0.0304 135.6 105.92 0.9639 0.9507

Fig. 9 Pareto front for (a) low-frequency range, (b) medium-frequency range, and (c) high-frequency
range
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gloves in direct contact with finger and palm (k4), causes reduc-
tion in the grip strength as compared to grip strength without
gloves. This reduction in the grip strength can be compensated by
exerting more pressure from human side. However, high values of
grip strength during operating a machinery can be detrimental to
the operators of the machinery. Therefore, it is required that antivi-
bration gloves are design such that minimal grip strength is exerted
while operating a machinery. With the consideration of this obser-
vation, the upper bounds of the glove parameters responsible for
grip strength, i.e., k4; k5; c4; c5, were chosen as the respective maxi-
mum values of the glove parameters studied in the Results and Dis-
cussion section. More specifically, the upper bounds of k4 and k5

are chosen as 2417, whereas the upper bounds of c4 and c5 are cho-
sen as 1. The lower bounds of the glove properties, k4 and k5, were
chosen to be the presented values of k4 and k5 rounded down to the
nearest power of 10, while the lower bounds for c4 and c5 were cho-
sen to be 10�4.

We use these upper and lower bounds of the variables as the
input arguments for gamultiobj to get the optimized values of var-
iables of interest. Note that as we are performing multi-objective
optimization, we get number of optimized solutions instead of a
unique solution. The objective function values corresponding to

these optimal solutions are shown in Fig. 9 in the form of Pareto
front for three different frequency ranges. From Fig. 9, we can
observe that there is always a tradeoff between two objective
functions, i.e., a true minima point of Tpw does not coincide with
true minima of Tfw. To elaborate this observation further, we
show three different sets of optimal solutions for low, middle, and
higher frequency ranges in Tables 2–4, respectively. We empha-
size that although all three sets are feasible solution to our optimi-
zation problem, set 1 and set 3 correspond to min Tpw and min
Tfw, respectively, while set 2 provides tradeoff values of Tfw and
Tpw. To avoid any preference of one objective element over
another element, we have used set 2 as our optimized solution
candidate for further analysis.

Furthermore, from Tables 2 and 4, we can observe that opti-
mum values of k6 and k7 settle down to their high and lower
bounds for low and high-frequency ranges, respectively. This
observation can be justified from the aspect of vibration isolation
of single degree-of-freedom system. In an isolation zone (higher
frequency range in our case), lower stiffness of isolator leads to
better isolation; however, for very low excitation frequencies,
high stiffness of the isolator provides better performance. Having
established the solution candidate for the optimized glove, next

Fig. 10 Comparison of relative (a) finger transmissibility and (b) palm transmissibility curves for the
optimum glove parameters and glove parameters used in Table 1. Optimization of the glove parameters is
performed for low-frequency range.

Table 3 Comparison of optimal parameters obtained from Pareto front for medium-frequency range

mg3 k4 k5 k6 k7 c4 c5 c6 c7 Tpw Tfw

Set 1 0.1302 1053.87 1312.4 9:75� 105 105 1 1 200 200 0.8404 1.1263
Set 2 0.1302 1054.14 1320.45 105 105 1 1 200 200 0.8617 0.9449
Set 3 0.000105 2327.66 1202.8 105 9:65� 105 1 1 200 198.9721 1.0008 0.9067

Table 4 Comparison of optimal parameters obtained from Pareto front for high-frequency range

mg3 k4 k5 k6 k7 c4 c5 c6 c7 Tpw Tfw

Set 1 0.1302 1166.98 1424.9 105 105 1 1 10 53.78 0.3058 0.2164
Set 2 0.1302 103 103 105 105 1 0 16.6 50.58 0.3135 0.2145
Set 3 0.1302 103 103 105 105 1 0 17.6544 10.0004 0.3605 0.2142
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we present the comparison of the performance of optimized glove
against the gel-filled glove. For this, we compare the relative
transmissiblity for the optimized glove and gel-filled glove in low,
medium, and high-frequency ranges and are shown in
Figs. 10–12, respectively.

From Fig. 10, we can observe that the antivibration glove, with
optimum glove parameters, is more effective at attenuating vibra-
tions in the low-frequency region at the fingers than the antivibra-
tion glove described in Table 1. The optimized antivibration glove
isolates rather than amplify vibration to the finger unlike most typ-
ical antivibration gloves [33].

In both the medium and high-frequency ranges as seen in
Fig. 11, the optimal AV glove performs better than the glove
described in Table 1. Therefore, an antivibration glove designed

with these parameters may help attenuate high-frequency vibra-
tions from tools such as etching pens, rotary files, and chainsaws.

Even though the optimized AV glove parameters presented
above may not be physically realizable, the multi-objective study
reveals what parameters of a real-life AV glove could be changed
so as to improve its performance. For example, considering the
low-frequency range optimal parameter values on the pareto front
for k4 (set 1 and set 2), it can be observed that reducing the stiff-
ness of the glove material at the backside of the hand, k4, will
result in a glove that provides better palm transmissibility, but
worse finger transmissibility. As a result, a manufacturer may
decide to replace the back of a current glove material with a mate-
rial of lower stiffness so as to increase the effectiveness of the
glove in reducing vibrations to the palm. Through observing how

Fig. 11 Comparison of relative (a) finger transmissibility and (b) palm transmissibility curves for the
optimum glove parameters and glove parameters used in Table 1. Optimization of the glove parameters is
performed for medium-frequency range.

Fig. 12 Comparison of relative (a) finger transmissibility and (b) palm transmissibility curves for the
optimum glove parameters and glove parameters used in Table 1. Optimization of the glove parameters is
performed for high-frequency range.
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glove material properties differ for different pareto sets, glove
manufacturers can select glove materials which enhance or
degrade transmissibility at either the palm or finger, depending on
their needs.

It should be noted that the optimized AV gloves for the differ-
ent frequency ranges might be effective, provided they are able to
meet ergonomic constraints (e.g., manual dexterity, percent reduc-
tion in grip strength, and tool controllability) so as to ensure little
to no possibility of injuries as a result of using the gloves.

Conclusion

We studied the vibration of the hand–arm system, using a bio-
mechanical lumped parameter model of the system, with and
without gloves. For the current analysis, the interaction between
different parts of the human hand and hand–tool was considered
to be linear for simplicity. These linear interactions were modeled
as multiple linear springs and dampers, making the system a
multidegree-of-freedom system. The closed-form solution for the
responses of the hand–arm system was obtained using the method
of undetermined coefficients. The obtained analytical expressions
were validated using direct numerical simulations, and the results
showed very good agreement. The effect of different glove param-
eters on the transmissibility of the palm was investigated with and
without a glove. The results further suggested that the effect of the
glove was not monotonous for the given frequency range. There-
fore, it was necessary to analyze the glove parameter based on the
application and frequency. With this motivation, we optimized the
glove parameter for three different frequency ranges with prede-
fined upper and lower bounds to minimize the overall transmissi-
bility. We observed that for these optimum values the
transmissibility at higher frequencies was minimum as compared
to the values used in the earlier work. The implication here is that
the AV glove with this optimum values can be used to design
gloves to protect workers from high-frequency vibrations from
tools such as etching pens, rotary files, and chainsaws.

Appendix: Expressions Used in Eqs. (5) and (10)

M½ � ¼

m0 0 0 0

0 mf 0 0

0 0 mp 0

0 0 0 mtf þ mtp þ mH

2
6666664

3
7777775

C½ � ¼

c0 þ cw 0 �cw 0

0 c1 þ c2 �c1 �c2

�cw �c1 cw þ c1 þ c3 �c3

0 �c2 �c3 c2 þ c3 þ cs

2
6666664

3
7777775

K½ � ¼

k0 þ kw 0 �kw 0

0 k1 þ k2 �k1 �k2

�kw �k1 kw þ k1 þ k3 �k3

0 �k2 �k3 k2 þ k3 þ ks

2
6666664

3
7777775

Feq½ � ¼

0

0

0

cs _z þ ks _z

2
6666664

3
7777775

M1½ �

¼

m0 0 0 0 0 0

0 mf þmg1 0 0 0 0

0 0 mpþmg2 0 0 0

0 0 0 mtpþmg4 0 0

0 0 0 0 mtfþmg3 0

0 0 0 0 0 mg5þmg6þmH

2
66666666664

3
77777777775

C1½ � ¼
C1 C2

C2T C3

" #

C1½ � ¼
c0 þ cw 0 �cw

0 c1 þ c4 þ c2 �c1 � c4

�cw �c1 � c4 c1 þ c4 þ c3 þ cw

2
64

3
75

C2½ � ¼
0 0 0

0 �c2 0

�c3 0 0

2
64

3
75

C3½ � ¼
c3 þ c5 þ c7 �c5 �c7

�c5 c2 þ c5 þ c6 �c6

�c7 �c6 c6 þ c7 þ cs

2
64

3
75

K1½ � ¼
K1 K2

K2T K3

" #

K1½ � ¼
k0 þ kw 0 �kw

0 k1 þ k4 þ k2 �k1 � k4

�kw �k1 � k4 k1 þ k4 þ k3 þ kw

2
64

3
75

K2½ � ¼
0 0 0

0 �k2 0

�k3 0 0

2
64

3
75

K3½ � ¼
k3 þ k5 þ k7 �k5 �k7

�k5 k2 þ k5 þ k6 �k6

�k7 �k6 k6 þ k7 þ ks

2
64

3
75
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