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Abstract: In this paper, a new concept has been proposed to theoretically analyze the forces and 
torques on the upper body of a human riding on a two wheeler while facing a sudden halt/crash. 
This approach is applied to different joints by using a musculoskeletal model of the upper body. 
The optimal motion of the upper body during the sudden halt/crash is obtained by converting 
the multi degree of freedom control problem to a parameter based problem to study the nature 
and modes of response following a shock. A mathematical model with reduced degrees of free-
dom is proposed that retains the essential features of the motion most probable in the direction 
of the original velocity and the same (a non-linear formulation) is numerically investigated to find 
out the forces and torques on the thorasic trunk and the head-neck with the waist joint together 
with the displacements.
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1. Introduction

It is very significant to analyze the loads in the various parts of the body of a hu-
man rider when his two wheeler experiences a sudden halt. This situation typically 
arises in a crash. Considering the increasing number of two wheelers on the roads and 
their availability to the younger generation [8,9,13] worldwide today, it becomes nec-
essary to theoretically analyze the damaging effect that such crashes can inflict on the 
rider. Especially, the acceleration of the brain is of greatest importance. While sustained 
fluctuating accelerations greater than ± 1g is deleterious to the subject so far as his 
control over the nervous system is concerned, shock acceleration greater than 15g is 
tantamount to brain concussion leading even to loss of life. It is also questionable as to 
whether the use of a helmet (that increases the inertia of the head) is beneficial when 
the impulse is received through the neck instead of a direct concussion of the head 
against a harder object.

A similar problem has been addressed by Wang et al [1] while they consider the 
loads on the lower limb joints of a human being jumping vertically down from a given 
height. Their intent was to device means to minimize the forces on the toe, the ankle 
and the knee joints by what they call an optimal motion. Prior to Wang several work-
ers like Moeinzadeh [4] and Mizrahi [3] have attempted such studies from the angles 
of dynamic modelling. It is pertinent to mention that analysis of parameters that af-
fect impact response have also been given a prime consideration [11,12,14]. Wang 
et al however dealt with the dynamic analysis of a human model - more eruditely, the 
musculoskeletal model by taking into consideration active motion of the muscles. The 
nuance in their work lies in converting the multi degrees of freedom and non-linear 
optimal control problem to one of parameter optimization.

It is well known to that the musculoskeletal structure of the spine that consists of a 
number of vertebrae reduces to one of many degrees of freedom that execute three-
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dimensional translation as well as rotation [5,6]. The 
problem is further complicated by the behavior of 
the muscles [7,10]. Wang et al have considered the 
stiffness of the muscles as non-linear and fitted a cu-
bic hardening characteristic with the displacement. 
The muscles are non-linear visco-elastic elements 
and damping is built into their structure. 

The idea of reduction of degrees of freedom as 
adopted by Wang et al has influenced the present 
authors to propose their model. In this case the rider 
is assumed to be moving with his machine horizon-
tally at a certain given velocity and a sudden stop-
page of the same results. It can be justifiable to con-
sider the upper thorasic trunk containing the major 
part of the spinal cord as a rigid bar executing an-
gular motion about the hip joints. This immediately 
rules out many degrees of freedom; secondly the 
head can be considered as a massive body execut-
ing angular motion relative to shoulder neck joint. 
The part of the spines in this case can be considered 
as a mass less rigid rod. The problem is thus reduced 
to one or two degrees of freedom with generalized 
coordinates q

1
 and q

2
 as shown in figure 1. Further-

more, the two arms holding on to the handle bar 
have been made to represent a mass less spring 
damper connection. We can now define our intent 
in simple terms as follows:

Given a crash velocity what must be the opti-
mum parameters C

1
, K

1
, C

2
, K

2
, C

3
, K

3
, such that 

the following are optimized: - 
	 a) The torque at the shoulder neck joint
	 b) The torque at the waist femur joint 
	 c) The force in the arms
	 d) Acceleration of the brain matter
	 e) Rotations (must be finite and small)

2. Musculoskeletal model of the upper body
Since the thorasic trunk and the head-neck with 

the waist joint of a human rider on his two wheeler 
experiences (absorbs) shock during a sudden halt or 
a crash, it is indispensable to establish a musculo-
skeletal model of the upper body for an estimation 
of forces on it. In the present study, the authors con-
sider the thorasic trunk and the head-neck with the 
waist joint and the neck provided with lumped iner-
tia, damping and stiffness. The arms are considered 
as spring damper supports which bear against the 
handle bar [Fig1]. The study considers cubic hard-
ening characteristics of the stiffness (muscle fibers) 
and the lower limb (below the waist) is assumed to 

be fixed with the machine of the rider.

3. Mathematical Model

Figure 1: Musculoskeletal model of the upper body
In figure 1, the descriptions of the used nota-

tions are as following:
a: length of the head-neck 
b: length of the thorasic trunk 
h: height of the arm above the hip joint
M

1
: mass of the thorasic trunk 

M
2
: equivalent translating mass of the head. 

C
1
: viscous damping coefficient at the hip

C
2
: viscous damping coefficient at the head-neck

C
3
: viscous damping coefficient at the arm.

K
1
: spring constant at the waist

K
2
: spring constant at the head-neck

K
3
: spring constant at the arm.

q
1
: absolute angular displacement at the hip joint

q
2
: relative angular displacement at the head-neck.

f = dissipation function 
T = kinetic energy function
U = potential energy function

From figure 1,
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Fig1: Musculoskeletal 
model of the upper body.
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Solving the above equation the final expressions 
obtained are 

deformed model and quantified by the following 
relations:
Torque at the head-neck joint
( )2 2 2 2 2K C Vτ θ= ⋅ + ⋅
Torque at the waist joint
( )1 1 1 1 1K C Vτ θ= ⋅ + ⋅
Force at the waist joint
( )3 3 1 3 1F K h C hVθ= +
Linear acceleration of the brain
( ) 1 2bf b aθ θ= + 

5. Results of Simulation (following Runge Kutta 
algorithms)

Please refer to the figure 3 to 8 for various results
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Where, f
1
 = absolute  angular acceleration at the 

waist; V
1
= absolute angular velocity at the waist; f

2
 

= relative angular acceleration at the head-neck; V
2
 

= relative angular velocity at the head-neck 
Following Wang et al, we assume a cubic hard-

ening character for the muscles as follows (figure 1)

2
1 1 1 1K α β θ= + ⋅

( )22 2 2 1 2K α β θ θ= + −

2
3 3 3 1h K α β θ⋅ = + ⋅

( )7

( )8

( )9

4. Forces and Torques on the muscles and Joints
A human rider when on his/her two-wheeler ex-

periences a sudden halt or a crash the deformed/
deflected musculoskeletal model of the upper body 
is shown in figure 2.
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Fig2:Exeggerated Deflection pattern of 
the Musculoskeletal model 

 

Figure 2: Exeggerated deflection pattern of the musculoskeletal 
model

The forces and torque on the thorasic trunk and 
the head neck joints can be visualized out from the 
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considering the systems as individual and uncou-
pled.
Table 1

6. Results discussion and conclusion
The following are the basic data for the human 

model chosen for our analysis.
For all cases a

1
 = b

1
 = K

1
; a

2
 = b

2
 = K

2
; a

3
 = 

b
2
 = K

3
 (following Wang et al)

a = 0.2m; b= 0.5m; h = 0.4m; M
1
 = 17kg; M

2
 = 

3.1kg

1
1 2

1

2
2 2

2

3
3

1

30.4
.

0.4
.

0.4

KC
M b

KC
M a

K
C

M

= ×

= ×

= ×

These correspond to a damping ratio of 20% 

Figure 
No.

K
1
 

(Nm/rad)
K2 
(N/m)

K3 
(Nm/rad)

Brain 
accelerati-
on. (fb)

q
1

(in de-
grees)

q
1

(in de-
grees)

3 375 140 5000 45g 1.5 2.5

4 375 140 1000 23g 2.5 3.4

5 375 140 200 16g 3.2 4.2

6 187.5 70 200 13g 4.2 5.4

7 187.5 70 100 11g 4.5 4.8

8 375 140 50 15g 3.6 4.6

The results of computer simulation with varying 
stiffness parameters are well documented in fig.3 to 
fig.8 which shows the Time History of the important 
events like forces, torques, rotations and brain ac-
celeration. The stiffness parameters of the biologi-
cal springs (i.e. the muscles) are variable within wide 
ranges as the human specimen relaxes or stiffens his 
muscles. The hardening parameter, following Wang 
et al. , have been assumed to be equal to the basic  
value of the stiffness at zero displacement. 

The results corroborate the facts that stiffening 
the muscles unduly during an anticipated crash can 
be more damaging. It is particularly important to re-
alize that the stiffness of the hip (thigh) joint should 
be kept low to allow a higher compliance. The fol-
lowing values of the K parameters are found to be 
safe and satisfactory for the human model chosen 
for the analysis, where the crash velocity is standard-
ized at 36 km/hr (10m/s):

K1 = 187.5 Nm/rad  ;  K2 =70 = N/m ;  K3 = 100 Nm/rad.

6. Conclusions
The present analysis is rather simplistic though 

the same maintains the essential features of the ob-
ject of study. It is also important to investigate the 
configurations attained by the human model when 
the crash induces a twist and a vertical motion, 
which were altogether disregarded in this analysis. 
Further, a more detailed analysis considering masses 
of the vertebrae and the stiffness of the associated 
muscles will improve the study. Also, further investi-
gation of the stiffening effects of the muscles, their 
damping and hardening characteristics and their 
inter relation with blood pressure remains open for 
study.
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