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Chapter 1

Introduction

The good comfort performance of the vehicle is a very important requirement for
most of the vehicles, particularly for ambulance [1]. To evaluate this performance,
however, the experimental on field is expensive and inconvenient and by using
experimental data, it is not possible to analyse the performance of the vehicle or
adjust the parameters during the design phase of the produce. But by using
mathematical modeling of the vehicle, the virtual results of the performance can be
simulated by Matlab/Simulink before the manufacture of the vehicle, and if the
mathematical model is made correctly, the simulation results are also relatively
accurate. By looking at the results of the simulation, evaluation can be made which is
also a much more convenient way. So in the first part of the thesis, a 7 DOF full
vehicle mathematical is built and the simulation results are compared to experimental
data from Trucksim. In this way, the accuracy of our mathematical model is
confirmed.

In addition, the comfort performance of the ambulance is particularly analyzed. When
the ambulance is riding on the road, to carry the patients to the hospital as soon as
possible, the velocity of the ambulance is often very high. But the vibration and
instability experienced in an ambulance can lead to secondary injury to a patient and
discourage a paramedic from emergency care [2]. So good comfort performance also is
very important as well as the requirement for the speed of the ambulance [3]. But the
reality is that ambulances are usually customized or adapted from cargo transport
vehicles, such as trucks or vans. Patients transported by these vehicles are exposed to
severe accelerations, particularly due to braking, in curves, and by driving over
obstacles or uneven pavements. The vibration produced when an ambulance drives
over an uneven surface can affect the vital functions of the human body
(cardiovascular system, skeleton, central nervous system, respiratory system), being
harmful to the already delicate clinical condition of the patient [5]. Patients transported
in recumbent position are more sensitive to vertical vibrations when compared to a
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passenger in a standing or seated position [6]. In addition, vibration of the human body
is most uncomfortable for sick or injured patients.

So, to improve the comfort of the lying patient in this case, there are two ways: to
adjust the suspension of the ambulance to be very soft or to properly design the
stretcher suspension (the suspension between the stretcher and the vehicle body). But
since the truck like ambulance is driving at relatively higher speed than regular trucks,
and the road profile and the traffic conditions are usually unpredictable. The
ambulance is likely to rollover during cornering at this high speed or during riding at
bad quality road. So the handling requirement of ambulance is higher than regular
trucks. But to give the ambulance good handling we need to make the suspension
stiffer which unavoidably sacrifices the comfort performance. In this case, the first is
not applicable. So, to improve the comfort performance of the patients, the better
method is to properly design the stretcher suspension. We can do this by correctly
choosing the stiffness and damping value of the stretcher suspension. So, the second
mathematical model built is the 8 DOF ambulance model.

For ambulances, ride comfort, roll- and pitch-resistant performance requirements are
more demanding than passenger cars. Particularly, the roll-resistant moment and pitch
resistant moments of the pitch–roll-resistant HIS are coupled together and there is a
trade off among ride comfort, roll, and pitch dynamics. For example, the optimal roll-
resistant performance of the vehicle is usually accompanied with excessive pitch-
resistant moment, which would decrease the ride comfort of the vehicle. On the other
hand, increasing the ride comfort would reduce the roll- and pitch-resistant
performance. Therefore, the ride comfort, roll resistance, and pitch resistance trade off
analysis and parameter design approach for Hydraulic Interconnected Suspension
(HIS) are conducted in this thesis to balance these characters to achieve an overall
optimal performance of the ambulance. This thesis presents a HIS system to improve
stability and attenuate vibration for both lying patients and paramedics. This new
suspension system can achieve enhanced cooperative control of the bounce and pitch/
roll motion-modes for the ambulance. The key for improving comprehensive dynamic
performance is to properly assign the bounce, pitch, and roll mode stiffness by
parameter design of HIS system. So, the third model in this thesis is integrated
ambulance and HIS mathematical model.

In general, this thesis built three mathematical models in total.

1. 7 DOF full vehicle model
2. 8 DOF ambulance model
3. Integrated HIS ambulance model
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For the first model, the whole vehicle can be regarded as two parts: sprung mass and
unsprung mass. Since in this thesis the independent suspension is used, there are four
unsprung masses representing the four wheels. Between sprung mass and each of the
unsprung mass connected by compliance components: a spring and a damper. And
between the road excitation and each of the four wheels the compliance are
represented by a spring. The degrees of freedom for sprung mass are rolling, pitching
and heave motion. The degrees of freedom for each of the unsprung mass is only
heave motion. So there are 7 DOF in total. The road excitation of the input is
Left/Right bumper. Based on this scheme, referring to each of 7 DOF, the Newton
law is applied and the second order differential equations are written. In this way, the
7 DOF mathematical model is built. Once this model is built, to verify the accuracy of
the model, the simulations of the comfort responses are compared with the
experimental data from the Trucksim which shares the same values of all of the
parameters with mathematical model. This part will be discussed in Chapter 2.

For the second model (ambulance model), based on the first model, an additional
mass which represents the total masses of patient and stretcher is added onto the
sprung mass. The compliance between this additional mass and sprung mass (stretcher
suspension) are consists of two parts: one spring and one damper. This additional
mass has one degree of freedom: heave motion. So this new ambulance model has 8
DOF. To improve the comfort responses of the patient, the key parameters that need
to be properly designed are stiffness and damping values of the stretcher suspension.
In terms of road excitation of input of this model, a sinusoidal and grade C random
road profile is used respectively. Then the stiffness and damping values of the
stretcher suspension are varied and RMS values of vertical accelerations of patients
and vehicle body at each of the varied values are compared. By comparing the results,
the optimum parameters of stretcher suspension are found. Furthermore, the
influences of variation of ambulance speeds and different roads excitation on
choosing optimum stiffness and damping values of stretcher suspension are also
analyzed. This part will be discussed in Chapter 3 and Chapter 4.

For the third model in this thesis. The conventional suspension between sprung and
unsprung mass is replaced with Hydraulic Interconnected Suspension (HIS) to further
improve the comfort performance of the ambulance. The mathematical model of HIS
suspension is built and coupled together with 8 DOF ambulance model forming a new
dynamic model. Then based on this new model, the RMS values of acceleration of
vertical motion of sprung mass and patient, the pitch motion and roll motion of the
sprung mass are used as the indicators of the comfort performance of the ambulance.
Then, the key parameters of the HIS suspension are varied in order to find their
optimum value corresponding to the best trade off between each indicators and
achieve an overall optimal performance of the ambulance. In the end, based on these
optimum parameters, the comfort performance of ambulance with HIS suspension is
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compared with conventional suspension to verify our conclusion. This part will be
discussed in Chapter 5.

Based on the integrated HIS ambulance model, the accelerations and displacements of
vertical motions of patient and sprung mass, the pitch and roll motions of sprung mass
are output in time domain and compared with the ambulance model with conventional
suspension. The result is that the comfort performance is largely improved.
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Chapter 2

7 DOF Truck Model

Following [7], in this chapter we prose a 7 DOF full car mathematical model.

This model consists of a sprung mass and four unsprung mass represented by four
wheels. Between sprung mass and unsprung masses are compliance represented by
spring and damper. Between unsprung masses and the ground are just the stiffness of
the tire ignoring the damping of the tire. The sprung mass has 3-degree of freedom
representing body bounce (Zs), roll (φ) and pitch (θ) movement, while the unsprung
masses has 4-degree of freedom in vertical motions (Zu_f1, Zu_f2, Zu_r1, Zu_r2).
We choose a compact truck and find the relevant data in Trucksim. Based on these
data, we build the 7 DOF mathematical model and calculate the differential equations
of each 7 DOF variables. Then we output the bounce (Zs), roll (φ) and pitch (θ)
motions of the vehicle body and compares the results with the plot from Trucksim to
verify the accuracy of our mathematical model.

2.1 Building of Mathematical Model
In this model, the vehicle aerodynamic effect is neglected and the road is assumed to
be level except for road disturbance. Based on the 7 DOF model in Figure 2.1
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Figure 2.1 7 DOF full vehicle model
The displacement of sprung mass can be calculated as (Where ms is the sprung mass
of the vehicle, z�s is the acceleration of sprung mass. F represent the force. In the sub
note, S for spring, D for damper, F for front, R for rear, L for left, R for right):

DRRSRRDRLSRLDFRSFRDFLSFLss FFFFFFFFzm 

Acceleration at unsprung masses can be given by (Where mu represent the unsprung
mass and T for tire):
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The pitch motion of the sprung mass  can be given by (where yJ is the moment of

inertia about y axis, a is the distance between front axle and center of gravity, b is the
distance between rear axle and center of gravity):

bFFFFaFFFFJ DRRSRRDRLSRLDFRSFRDFLSFLy  )()(

The roll motion of the sprung mass can be given by (where xJ is the moment of

inertia about x axis and t represent the wheel track):

tFFFFtFFFFJ DRRSRRDFRSFRDRLSRLDFLSFLx  )()(

Represent the all the forces with stiffness k and damping c, these seven equations can
be given by:

Sprung mass:
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Rearranging these seven equations, the second order differential equations of this 7
DOF model can be given as (Where  Trrurlufruflus zzzzzX ____ ):
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We will further use this model in Simulink to have the numerical results.

2.2 Trucksim Model

2.2.1 TruckSim model of the vehicle

TruckSim is used to obtain the relevant parameters of this data and verify the
accuracy of this mathematical model. The relevant parameters is based on a compact
truck given by TruckSim. The detail of the data is shown in figures below.

Figure 2.1 Sprung mass parameters Figure 2.2 Unsprung mass parameters
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Figure 2.3 Front axle parameters

Figure 2.4 Rear axle parameters

All of the parameters we need are summerized in the Table 2.1

Table 2.1 Parameters of 7 DOF model
Notation Values Units Notation Values Units

ms 600 kg kt 220000 N/m
Jy 624.2 Kg*m2 csf 5200 N*s/m
Jx 384 Kg*m2 csr 5200 N*s/m
mu 105 kg a 0.55 m
ksf 15000 N/m l 1.925 m
ksr 31000 N/m t 0.63 m

2.2.2 TruckSim model of the bumps

To use TruckSim to verify the results of Simulink obtained from the mathematical
model, we let the vehicle running across the left/right bumps. The 3D and 2D profiles
are shown in figure 3.5. During this procedure, the speed of the vehicle is 8 km/h. The
vehicle start at station 100 m shown in the 2D profile and the bump starts at station
109 m and ends at station 121 m. This whole procedure takes about 14 seconds
covering 30 m. The length and width of each bump is 6 m and the height of each
bump is 0.1 m.

Figure 3.5 3D and 2D profiles of the bumps

2.3 Simulate the Mathematical Model
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Based on the second order differential equations, the Simulink block diagram model
can be built shown in Figure 2.5. (we plus 0.05 to Zs Trucksim data to offset the
vertical displacement caused by the weight of the vehicle)

Figure 2.5 7 DOF Simulink Model

In this Simulink model, the four input signals are hrr, hrl, hfl, hfr. The signal builder is
used to draw the profiles of these four inputs. The profiles are shown in Figure 2.6.

Figure 2.6 Profiles of the bumps in Simulink

2.4 Comparison of Simulink model and Trucksim
model

Running the Simulink model and compares the result with data collected in Trucksim,
we have these figures. Figure 2.7 and 2.8 show the Simulink and Trucksim
simulation of roll (φ) and pitch (θ) performances (the unit is deg), which have the
similar trend but slightly differences in magnitude. Figure 2.9 shows the simulation
result of Simulink sprung mass vertical displacement (zs) which has the same trend
but some differences in magnitude (the unit is m). The error maybe due to simplified
model used in Simulink, while Trucksim model that is based on actual tested vehicle
simulation process thus becomes more precise.
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Figure 2.7 Comparison of pitch motion

Figure 2.8 Comparison of roll motion

Figure 2.9 Comparison of sprung mass vertical displacement
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In conclusion, since we made a lot of simplification when building this mathematical
model, like we neglect the aerodynamic effect of the vehicle and so on, but we still
get the similar result as Trucksim. So, we can basically ensure the accuracy of our
mathematical model.



15

Chapter 3

8 DOF Ambulance Model

Following [8], in this chapter we prose a 8 DOF ambulance model.

Most ambulances are customized or adapted from cargo transport vehicles like trucks,
and these vehicles are usually heavier and less comfortable than passenger cars. In
this case, the passenger on ambulance will subject to severe acceleration during
braking, curves or running on a uneven road. But the patients in ambulances are
usually exposed to serious illness or injury, any severe acceleration can cause damage
to the body of patients. Particularly, patients in lying down position are more sensitive
to vertical acceleration when comparing to a passenger in standing or seated position.
In this case, to improve the comfort performance of the patients, we can either focus
on properly designing the suspension of the ambulance or the suspension of the
stretch.

But since the ambulance is driving at relatively higher speed than regular trucks, the
ambulance is likely to rollover during cornering at this high speed. So the handling
requirement of ambulance is higher than regular trucks. But to give the ambulance
good handling we need to make the suspension stiffer. So, to make the patients more
comfortable and at the same time not affecting the handling performance of the
ambulance, we focus on properly designing the suspension of the stretch.

There are many ways of designing the suspension of the stretch. In this thesis, we
focus on properly choosing the stiffness are damping value of the suspension to
achieve the minimum vertical displacement and acceleration of the stretch. To do this,
a mathematical model is built and a sinusoidal shape of the road profile is used as the
input signal of the system. Then different set of stiffness and damping value (kb and cb)
is tested to find the optimum kb and cb. With this optimum value, we output the
vertical displacement, roll angle, pitch angle and acceleration of the ambulance during
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the riding on the sinusoidal road. In the end, we used the grade C road profile to
verify the optimum kb and cb also applied to the real case.

3.1 Mathematical Model

3.1.1 Ambulance Model

Including the stretcher, the 8 DOF dynamic model is built shown in Figure 3.1(a). The
8 DOF are vertical motion of the stretcher (zb), roll motion, pitch motion and vertical
motion of the sprung mass (φ, θ and zs), and vertical motions of four unsprung mass
(zfl, zfr, zrr, zrl). The compliance between stretcher and sprung mass is modeled by
spring stiffness kb and damping value cb. The compliance between sprung and
unsprung mass is modeled as spring stiffness kfr, kfl, krr, krl and damping value cfr, cfl,
crr, crl. The compliance of each tire is modeled as ktfl, ktfr, ktrr, ktrl and ctfl, ctfr, ctrr, ctrl.
The most critical region of the patient are head and stomach shown as point 2 and
point 1 in Figure 3.1(b). These two points will be analyse respectively which define
the position of mb (xb and yb).

(a) (b)

Figure 3.1 (a) 8 DOF ambulance model (b) Locations of point 1 and 2

Sinusoidal Road Profile:
The sinusoidal shape of road profile consists of three successive bumps of height
equal to 0.1m with the total length of 19.5m shown in Figure 3.2. The velocity of the
ambulance is 30 km/h.

Figure 3.2 Sinusoidal road profile

3.1.2 Dynamic Equations of Each Degrees of Freedom
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The equations of motion for this system can be derived according to Newton Law.

The vertical acceleration of mb is caused by relative vertical motion between mb and
ms, roll motion and pitch motion of sprung mass:

bbbbbbbbbsbbsbbb xcycxkykczzkzzzm    )()(

The vertical acceleration of ms is caused by relative vertical motion between mb and
ms, vertical motion of four unsprung masses. In addition, it can be also affected by
roll motion and pitch motion of sprung mass:
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The acceleration of pitch motion of sprung mass is caused by relative vertical motion
between sprung mass and unsprung masses, relative motion between sprung mass and
stretcher, and the pitch motion itself. In addition, because of the presence of the
asymmetry stretcher, roll motion of sprung mass can also affect the acceleration of
pitch motion:
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In the same way we can calculate the acceleration of roll motion of the sprung mass:
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The vertical acceleration of unsprung mass is caused by relative motion between
sprung and unsprung mass, roll and pitch motion of sprung mass and the road
excitation:
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Rearranging all of these eight equations, the second order differential equations of this
8 DOF model can be given as (Where  Trrrlflfrsb zzzzzzX  ):

FXKXCXM  

In the equation, the details of each matrices are (the stiffness between sprung and
unsprung mass: ffrfl kkk  , rrrrl kkk  ; the damping value between sprung and

unsprung mass: ffrfl ccc  , rrrrl ccc  ; the stiffness of the tire:

uurrurlufrufl kkkkk  ; the damping value of the tire: uurrurlufrufl ccccc  ):
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3.1.3 Ambulance Parameters

The ambulance parameters applied to the simulations are compatible with Mercedes-
Benz's Sprinter 415 CDI 7.5 m3 vehicle adapted to the ICU model, while Figure 3.1(b)
illustrates the corresponding ambulance parameters. The value of all of the other
parameters are summarized in the Table 3.1.

Table 3.1 Ambulance parameters
Parameters Values Parameters Values

Sprung mass[kg] 2600 Front suspension stiffness [N/m] 198000
Roll inertia [kgm2] 658 Rear suspension stiffness [N/m] 130000
Pitch inertia [kgm2] 4174 Front suspension damping [Ns/m] 12500

Wheel centers [mm] (front & rear) 1550 Rear suspension damping [Ns/m] 12500
Front unsprung mass [kg] (both sides) 150 Tire stiffness [N/m] (front & rear) 250000
Rear unsprung mass [kg] (both sides) 100 Tire damping [Ns/m] (front & rear) null

3.1.4 Parameter Optimization and Analysis

In this study, Matlab/Simulink software is used to simulate the dynamic behavior of
this 8 DOF ambulance model. Four sinusoidal signals acting on each of the four
wheels are used as inputs to this full car model and different damping and stiffness
coefficients (kb and cb) of stretcher suspension is applied and tested in the simulation
to find the optimum kb and cb that could minimize the vertical acceleration of the
stretcher.

Since ride comfort is improved when the magnitude of vertical acceleration is reduced.
So, the displacement and the acceleration of the stretcher ( bz and bz ) are the good

indicator of comfort performance of the patients. The points chosen to calculate the
acceleration, denoted as point “1” and “2” in Figure 2.1(b), will be tested respectively.
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As constraints to the optimization problem, the maximum allowable jerk experienced
by the patient is 18 m/s3 (max bz =18 m/s3). In addition, if the relative displacement of

the spring of the stretcher suspension is too large, the connection between stretcher
and sprung mass will become rigid. Assuming the flexible length of the spring is 80
mm, the displacement of the spring during riding should less than 80
mm( 08.0 bb xzz  , neglect the displacement caused by rolling of the sprung

mass). In conclusion, the system should be limited according to the following
inequality:
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3.2 Simulation and Results

3.2.1Simulation of the sinusoidal road profile

In order to input the sinusoidal signals in Matlab/Simulink, we calculate the signal in
time domain. Based on the ambulance speed of 30 km/h, the frequency of the signal:

0554.8))6.3/30/(5.6/(2  w ; the amplitude is 0.05; the bias is 0.05. The phase of
the front wheels is 5708.1))6.3/30/(4/5.6(  wf . The phase of the rear wheel

is 5708.1))6.3/30/(25.3)6.3/30/(4/5.6(  wr . so the expression of the front
and rear inputs in time domain are:






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05.0)5708.10554.8sin(05.0
05.0)5708.10554.8sin(05.0

th
th

r

f

The plots of the signals in time domain are shown in Figure 3.3:

Figure 3.3 Input signals of four wheels
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3.2.2 8-DOF Simulink model

In Matlab/Simulink, Based on the sets of second order differential equations in 3.2.1,
the Simulink block diagram model can be built shown in Figure 3.4. The paths of the
inequality described in 3.2.3 also included in this Simulink model.

Figure 3.4 8-DOF Simulink model

3.2.3 Choosing the Optimum kb and cb (point “2”)

Firstly, the point “2” is analyzed. Then the same procedures are done in point “1”.

(1)Fix cb, find the optimum kb

The value of cb is fixed at 300 Ns/m. Then varying kb from 2000 to 10000. The
responses of displacement and acceleration of stretcher is shown in Figure 3.5. Table
3.2 shows the comfort performance of stretcher numerically varying kb. From the
plots of the responses, we can find that the lower the kb (softer the stretcher
suspension), better the comfort responses, which matches the real case. But if the kb is
too small, the relative displacement of the spring will be larger than 80 mm, which
against the requirement of the inequality in 3.2.3.

Figure 3.5 Displacement and acceleration of stretcher varying kbof point “2”
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Table 3.2 Displacement and acceleration of stretcher varying kbof point “2”
Kb (N/m) Vertical acceleration (m/s2) Vertical displacement (m)

Max Min Max Min
2000 2.645 -2.365 0.116 -0.034
5000 5.153 -5.233 0.141 -0.075
8000 9.126 -9.837 0.200 -0.134
10000 9.935 -10.062 0.207 -0.126

(2)Fix the optimum kb=2000 N/s, varying cb.

The value of kb is fixed at 2000 N/m. Then varying cb from 250 to 500. The responds
of displacement and acceleration of stretcher is shown in Figure 3.6. Table 3.3 shows
the comfort performance of stretcher numerically varying cb. From the plots of the
responses, we can find that the best comfort performance is obtained when cb=350
Ns/m.

Figure 3.6 Displacement and acceleration of stretcher varying kb of point “2”

Table 3.3 Displacement and acceleration of stretcher varying cb of point “2”
Cb (N/m) Vertical displacement (m) Vertical acceleration (m/s2)

Max Min Max Min
250 0.117 -0.041 1.935 -1.973
300 0.114 -0.038 1.903 -1.917
350 0.109 -0.214 1.897 -1.913
400 0.109 -0.233 1.993 -2.072

450 0.174 -0.103 8.051 -8.227

500 0.168 -0.092 7.634 -7.956

Based on this optimum value of kb and cb, the responses of roll motion, pitch motion
and vertical motion of the sprung mass are shown in Figure 3.7 to 3.14.
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Figure 3.7 vertical displacement of stretcher of point “2”

Figure 3.8 vertical acceleration of stretcher of point “2”

Figure 3.9 vertical displacement of sprung mass of point “2”

Figure 3.10 vertical acceleration of sprung mass of point “2”

Figure 3.11 pitch of sprung mass of point “2”
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Figure 3.12 pitch acceleration of sprung mass of point “2”

Figure 3.13 roll of sprung mass of point “2”

Figure 3.14 roll acceleration of sprung mass of point “2”

In addition, at this optimum value of kb and cb, the plots of inequality bz and

bb xzz   are shown in Figure 3.15 and Figure 3.16. From the plots we can say

that the requirements of inequality are satisfied.

Figure 3.15 Plot of bb xzz  
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Figure 3.16 Plot of bz

3.2.4 Choosing the Optimum kb and cb (point “1”)

In the same way of point “2”, we can simulate the vertical displacement and
acceleration of point “1” varying different value of kb and cb. The responses of
different value of kb and cb are shown in Figure 3.17 and 3.18. Table 3.4 and 3.5
shows the comfort performance of stretcher numerically varying kb amd cb. From the
plots, we can say that the results are exactly like what we find in point “2”. The point
“1” and “2” share the same optimum kb and cb.

Figure 3.17 Displacement and acceleration of stretcher varying kb of point “1”

Table 3.4 Displacement and acceleration of stretcher varying kb of point “1”
Kb (N/m) Vertical acceleration (m/s2) Vertical displacement (m)

Max Min Max Min
2000 1.028 -1.674 0.076 -0.038
5000 2.574 -2.976 0.081 -0.068
8000 4.467 -4.453 0.127 -0.073
10000 4.253 -4.432 0.125 -0.072



26

Figure 3.18 Displacement and acceleration of stretcher varying cb of point “1”

Table 3.5 Displacement and acceleration of stretcher varying cb of point “1”
Cb (N/m) Vertical acceleration (m/s2) Vertical displacement (m)

Max Min Max Min
250 0.717 -1.441 0.090 -0.029
300 0.613 -1.338 0.086 -0.034
350 0.502 -1.214 0.084 -0.025
400 0.563 -1.333 0.090 -0.023

450 4.074 -3.532 0.092 -0.057

500 4.148 -3.094 0.107 -0.063

Based on this optimum value of kb and cb, the responses of vertical motion of the
stretcher are shown in Figure 3.19 to 3.20.

Figure 3.19 vertical displacement of stretcher of point “1”

Figure 3.20 vertical acceleration of stretcher of point “1”

From the Figure 3.21 and 3.22, we can also say that this optimum value of kb and cb
satisfy the requirement of inequality mentioned in 3.25.
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Figure 3.21 Plot of bb xzz   of point “1”

Figure 3.22 Plot of bz of point “1”

3.3 Simulation of Grade C Road Profile
Uneven road is normally used to evaluate the vehicle roll stability in terms of comfort
performance. According to the ISO/TC108/SC2N67 standard, random roads can be
simulated in terms of the roughness coefficient Gq(n0). In this case, random road
profile is simulated in equation[4] below.

)()()(2)(2)( 00000 twtunGnthfth q 

In the equation, n0 is a spatial reference frequency of 0.1, f0 is a minimal boundary
frequency of 0.0628 Hz, u(t) is the speed in m/s, and w(t) is a white noise signal.
Based on this equation the block diagram of road profile on four wheels in Simulink
is shown in Figure 3.23.

Figure 3.23 Block diagram of random road profile
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The road class is ISO grade C road with a roughness coefficient of 256*10-6. In
Figure 3.24, the road excitation for each tire considering the delay between the front
and rear axles, which is a significant factor for the vehicle roll motion.

Figure 3.24 Grade C road profile of four wheels

The responses of vertical displacement and acceleration of stretcher varying different
values of kb and cb are shown in Figure 3.25. From the plots we can verify that the
optimum values of kb and cb (kb=2000 N/m, cb=350 Ns/m) also valid in random road
profile.

Figure 3.25 vertical displacement and acceleration of stretcher on random road profile
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Chapter 4

Confirm Optimal kb and cb

4.1 Influence of kb and cb to Comfort of the Patient
From the previous study we can see that difference values of kb and cb have a great
influence on vertical displacement and acceleration of the patient on the stretcher. We
can make a plot of a indicator of comfort performance of patient varying kb and cb,
showing the influence of kb and cb on bz more clearly and find the optimum value of

kb and cb more accurately.

4.1.1 RMS value of the signal

One good indicator of the comfort performance of the patients is the plot of bz . But it

is more convenient to use just one value to represent the comfort of the patients in a
defined condition. The mean value of bz is equal to zero. The mean square value of

bz can be a good indicator, but in this case the unit of the indicator will be different

from bz . To not change the unit, the RMS (Root Mean Square) value of bz can be

used as the indicator of comfort performance of the patient.

The RMS value of a signal f(t) can be expressed as the equation below:





t

Tt

dttf
T

RMS 2)(1

Where f(t) is the function of the signal in time domain. T is the total time of the signal.
For example if we have a plot of bz like in figure 4.1, the RMS value of the signal can

be seen as the root of the area between the signal and the horizontal axis. So, lower
the RMS of bz , better the comfort performance of the patient.
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Figure 4.1 Plot of f(t)

Based on the grade C random road as input, fixing the kb and cb value, using the
ambulance model we obtained before, we can plot bz in time domain in

Matlab/Simulink. Then using the block “To workplace” in Simulink, all of the data in
this plot can be output to Matlab workplace. In this way, using some Matlab code the
RMS value of these data can be calculated. For example, if kb=2000, cb=350, the
RMS value of bz is 4.3963.

4.1.2 RMS value of bz varying kb

To analyse the influence of kb on the RMS value of bz , we fix the damping value

cb=200, the velocity of the ambulance V=30 km/h and varying the kb from 2000 to
10000 at the distance of 250. With each value of kb corresponding to one value of
RMS, all of the value of RMS of bz can be plotted. As a comparison, the RMS of sz

can also be plotted. The results shows in Figure 4.2.

Figure 4.2 RMS of bz and sz varying kb

In this figure, “.” represent the RMS values of bz ; “*” represent the RMS values of

sz . From the Figure, the relation between RMS and kb is clear: lower the kb, lower the

RMS of bz , better the comfort of the patients. In addition, the RMS of sz is much

higher than the RMS value of bz , meaning that the comfort performance of the

patients is much better than the comfort of sprung mass (ex. the driver). RMS values
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of sz can also represent the comfort performance in the case that the connection

between the stretcher and the sprung mass is rigid. In this case, we can find that the
use of stretcher suspension greatly improve the comfort of the patients. Furthermore,
it is clear that the RMS of sz are almost not influenced by the changing of kb.

4.1.3 RMS value of bz varying cb

In the same way, we fix the kb at its optimum value 2000. Then, varying the value of
cb from 50 to 1000, at the distance of 25. With each cb value corresponding to one
RMS value of bz and one of the sz . The results shown in Figure 4.3.

Figure 4.3 RMS of bz and sz varying cb

In this figure, “.” represent the RMS values of bz ; “*” represent the RMS values of

sz . From the Figure, the relation between RMS and cb is not like in varying kb. In this
case, there is a cb that corresponding to the minimum value of RMS of bz , which is cb
equal to 250. In addition, the RMS value of sz approximately not influenced by
different values of cb.

4.1.4 Responses of the system based on optimum value of kb and cb

In this way, we obtain the accurate optimum values of kb and cb corresponding to the
best comfort performance of the patients when ambulance is riding on the random
road. The optimum values are: kb=2000 N/m, cb=250 Ns/m.

Based on this optimum value of kb and cb, the responses of roll motion, pitch motion
and vertical motion of the sprung mass and vertical motion of stretcher are shown in
Figure 4.4 to 4.7.
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Figure 4.4 Vertical acceleration of the stretcher

Figure 4.5 Vertical acceleration of the sprung mass

Figure 4.6 Acceleration of pitch motion of the sprung mass

Figure 4.7 Acceleration of roll motion of the sprung mass

4.2 Influence of Speed of Ambulance to the Results
In real case, when ambulance is riding on the road, the speed of the ambulance is
certainly not constant, and often much higher than 30 km/h, and the comfort
performance of the patients is certainly not the same as the results obtained in 30



33

km/h. In this case, the influence of different speed on choosing optimum value of cb
and on comfort performance of the patients and will be analyzed.

4.2.1 Influence of different speed on comfort of the patients

In this chapter, kb and cb will be fixed (kb=2000, cb=250) and the RMS of bz is still

be used as the indicator of the comfort of the patients. To analyse the influence of
different speeds on RMS value of bz , instead of varying kb and cb, we vary the speed

of the ambulance from 10 km/h to 120 km/h, and output all the values of RMS
corresponding to each values of the speed. The results is shown in Figure 4.8.

Figure 4.8 RMS of bz and sz from 10km/h to 120 km/h

In this figure, “.” represent the RMS values of bz ; “*” represent the RMS values of

bz . The figure tells us that higher the speed, higher the values of the RMS, worse the

comfort performance of the patients. In addition, comparing to the comfort of the
patients, the comfort of the sprung mass is much more sensitive to the change of the
speed.

To further verify the results, we build the model in Matlab Simulink with a defined
profile of the speed as input, and the time domain responses of vertical acceleration of
patients and sprung mass, acceleration of pitch motion and roll motion of sprung mass
as output. The Simulink diagram is shown in Figure 4.9.
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Figure 4.9 Random road profile Simulink diagram as input of a defined speed profile

Taking front right wheel as an example, the plot of defined speed profile is shown in
Figure 4.10.

Figure 4.10 Defined profile of the speed

The ambulance is riding at constant speed of 30 km/h for 12.5 seconds and accelerate
to 90 km/h by 5 seconds and keep the speed at 90 km/h for 12.5 second (30 seconds in
total). The outputs is shown from Figure 4.11 to 4.14.

Figure 4.11 Output of bz
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Figure 4.12 Output of sz

Figure 4.13 Output of acceleration of pitch motion of sprung mass

Figure 4.14 Output of acceleration of roll motion of sprung mass

In those four plots, the amplitude of first 12.5 seconds of the responses is lower than
last 12.5 seconds of the responses.

4.2.2 Influence of different speed on choosing optimum and cb

In this chapter, four different values of the speed is tested and at the same time
varying cb. The values of RMS of bz in each different values of speed and cb is shown

in Figure 4.15.
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Figure 4.15 RMS of bz varying speed and cb

In this figure there are approximately four curves, corresponding to four different
speeds: V=30 km/h, V=45 km/h, V=60 km/h, V=90 km/h. We can find that no matter
what the speed is, the lowest value of RMS all at the same value of cb=250. Changing
the speed does not influence the optimum value of cb.

4.3 Comparison Between Sinusoidal and Random
Road Profile

In this chapter, the road excitation is changed to see if the optimum value of cb is
affected or not. The results of RMS values of bz varying cb from 50 to 1000, at the

distance of 20, is shown in Figure 4.16. The results are obtained from sinusoidal and
random road profile respectively.

Figure 4.16 RMS of bz varying cb in sinusoidal and random road profile

From the figure, it is clear that different road profile does not influence the optimum
value of cb. So the same optimum value of cb can be applied to the cases of different
road profiles.
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Chapter 5

HIS Ambulance Model

Following [9], in this chapter, the Hydraulic Interconnected Suspension (HIS) is added
to the conventional suspension of the ambulance to further improve the comfort
performance of the ambulance.

Particularly, there is a trade off among ride comfort, roll, and pitch dynamics. For
example, the optimal roll-resistant performance of the vehicle is usually accompanied
with excessive pitch-resistant moment, which would decrease the ride comfort of the
vehicle. On the other hand, increasing the ride comfort would reduce the roll- and
pitch-resistant performance.

In this study, the mathematical model of HIS suspension is built and coupled together
with 8 DOF ambulance model forming a new dynamic model. Then based on this new
model, the RMS values of acceleration of Zb, Zs, pitch motion and roll motion of the
sprung mass are used as the indicators of the comfort performance of the ambulance.
Then, the key parameters of the HIS suspension are varied in order to find their
optimum value corresponding to the best trade off between each indicators and
achieve an overall optimal performance of the ambulance. In the end, based on these
optimum parameters, the comfort performance of ambulance with HIS suspension is
compared with conventional suspension to verify our conclusion.

5.1 Working Principle of HIS Suspension
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Figure 5.1 8 DOF ambulance with HIS suspension

The scheme of HIS subsystem is shown in Figure 5.2. The entire HIS system consists
of four circuits connecting the different chambers. The components of each circuit
include one nitrogen-filled diaphragm accumulator, one three-way junction, three
damper valves and a few fluid pipelines.

Figure 5.2 Scheme of HIS subsystem

When the ambulance turns left, positive roll motion between the sprung mass and
unsprung masses occurs, and two left double-acting hydraulic cylinders are extended
while right two double-acting hydraulic cylinders are compressed. At this point,
hydraulic fluid in circuits I and III are lowly pressurized while ones in circuits II and
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IV are highly pressurized, which collectively provide a roll restoring moment to
prevent the roll motion of sprung mass relative unsprung mass. There is a similar
function when the ambulance turns right.

When the ambulance brakes, positive pitch motion will occur, which means the two
front double-acting hydraulic cylinders are to be compressed while the rear ones
extended. As a consequence, the HIS system provides a pitch restoring moment. With
respect to bounce and warp motion modes, compression and extension of double-
acting hydraulic cylinders lead to hydraulic fluid in circuits flows into extension
chamber from compression chamber, which results in that the fluid pressure is almost
unchanged. Therefore, the HIS system only provides additional damping forces but
additional stiffness is not offered.

5.2 Mathematical Model of HIS Subsystem

To coupling the HIS subsystem with the 8 DOF ambulance model, the hydraulic
forces are regarded as external force:

wh FFxKxCxM  

In this equation, T
rrrlflfrsb zzzzzzx ][  , matrices M, C, K are

defined in ambulance model part.  Trrurluflufruw hkhkhkhkF 0000 is the
road excitation. hF is the hydraulic forces. It can be expressed as )18()88(   PDF ph .
The pressure matrix T

rrBrrTrlBrlTfrBfrTflBflT PPPPPPPPP ][ and the area
coefficient matrix PD can be written as:
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Since each fluid circuit is made up of one nitrogen-filled diaphragm accumulator, one
three-way junction, three damper valves, and a few fluid pipelines components, as
illustrated in Figure 5.2. Thus, using the fluid element lumped-parameter method, the
mathematical relationship of flow rate and pressure in the circuit between upside and
downside can be determined by a sequence of multiplications of the involved fluid
component impedance matrices:
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In this equation, “D” represent the downside of the flow, while “U” represent the
upside of the flow. “v, t, p” represent each component of the system (“v” for damper
valves and , “p” for pipelines and “t” for accumulator and ADV valve and three way
conjunction). Matrices T is the fluid component impedance matrices. “k” represent
the four circuits respectively (k=c1,c2,c3,c4 for each of the four circuits).

(1) Pipelines component impedance matrix Tp

The hydrodynamic equations of pipeline fluid element can be expressed as:
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Combining these two sets of equations, then do Laplace transform with zero initial
condition. The relationship of flow and pressure between upside and downside in the
pipelines components can be described by the impedance matrix Tp:














































































U

UP

U

U

ppP

ppP

ppP

ppP

pPp

ppP

ppP

D

D

Q
P

T
Q
P

CsRsI
CsRsI

CsRsI

CsRsI
CsRsI

CsRsI
CsRsI

Q
P

/4
/4

/4
4

/4
/)(4

/4
/4

1

1

1

1

1

1

1

(2) Damper valve component impedance matrix Tv

The hydrodynamic equation of this component can be written as (ZH is the pressure
loss coefficients of damper valve):

























 










U

Uv

U

UH

D

D

Q
P

T
Q
PZ

Q
P

10
1

(3) Accumulator, ADV valve and conjunction component impedance matrix Tv

The hydrodynamic equation of upside and downside of these combined component
can be written as (ZA is the pressure loss coefficients of ADV valve, Ca is the capacity
of gas-filled diaphragm accumulator):
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Substituting all of those three sets of hydrodynamic equations into equation (*) and
rearrange the equation to describe the relationship between P and Q instead of upside
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and downside, and expanding the expressions to all four circuits. The relationship
between P and Q can be written as:

QsTP  )(

In this equation, T
rrBrrTrlBrlTfrBfrTflBflT QQQQQQQQQ ][ is the flow

rate in different chambers. T(s) is the total impedance matrix of the whole HIS
subsystem. T(s) can be expressed as:
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In addition, the flow rate Q(t) in different chamber can be described by cross-sectional
areas of the chambers multiplies the speed of changing of the chamber volume. In this
case, Q(t) can be expressed as:

)()( txDtQ m 

In this equation, Dm describe the cross-sectional areas responding to different speeds
of all 8 degrees of freedoms.
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To sum up, the external forces Fh representing the HIS subsystem can be expressed by
the following equations:
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xDsTDF mPh  )(

5.3 Integration of Ambulance Model and HIS Suspension Model

After obtaining the HIS suspension mathematical model, the integrated model of HIS
suspension and ambulance can be written as:

wmP FxDsTDxKxCxM   )(

To further integrate these two models, the external forces Fh can be further arranged
to the differential equation forms like this:

xKxCxDsTD HISHISmP  )(

In this case, the combined mathematical model can be written as:

wHISHIS FxKKxCCxM  )()( 

5.3.1 Stiffness matrix KHIS

The cross-sectional area of different cylinders can be expressed as the cross-sectional
area ratio between the bottom and top of the front or rear cylinder ηi (i = f ,r) and the
ratio between the rear and front top cylinders μ are introduced, which can be written
as ηi = SiB/SiT and μ = SfT/SrT .

The stiffness matrix of HIS suspension can be expressed as:
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5.3.2 Damping matrix CHIS

The damping matrix of HIS suspension can be expressed as:

2

)44(2)34(2)14(

)43(2)33(2)13(

)41()31()11(
2

)44(0)34(0)14(

)43(0)33(0)13(

)41()31()11(
2

)44()34()14(

)43()33()13(

)41()31()11(

)88(

0
0

000

0
0

000

0
0

000

rT

w
T
bw

bwbRrT

w
T
bw

bwbHrT

w
T
bw

bwbAHIS S
CC
CCZS

CC
CCZS

KK
KKZC






























































































)(200

0)(2)(2
0)(2)(2

222

222

22

i
r

i
f

i
r

i
f

i
r

i
f

i
r

i
f

i
r

i
f

bi

ll
baba
ba

C


























i
r

i
r

i
f

i
f

i
f

i
r

i
f

i
f

i
r

i
r

i
f

i
f

bwi

llll
bbaaC




22

22

22























i
r

i
r

i
f

i
f

bwiC







000
000
000
000

2

2

In those equations, i = 0, 2.

5.4 Optimize the Parameters of HIS System for the
Ambulance Model

To further improve the comfort performance of the ambulance, the cross sectional
ratios μ and ηi of HIS subsystem needs to be properly chosen. To do that, we build the
integrated model in Matlab/Simulink, and use grade C random road profile as our
road excitation and run the simulation to have the responses of acceleration of zb, zs,
pitch and roll motion in time domain.

During the simulations, the series of different μ and ηi values are tested and the RMS
values of responses of acceleration of zb, zs, pitch and roll motion is used as the
indicators of the comfort performance of the ambulance. From the results of the RMS
values, and make a trade-off between each indicators and choose the proper values of
μ and ηi to achieve an overall optimal performance of the ambulance. Then, based on
the optimized μ and ηi, the optimized responses of the ambulance ride performance is
simulated.

5.4.1 Indicators of comfort performance of the ambulance

Patients lying inside the ambulance are particularly sensitive to even tiny intensity of
vibration, acceleration of zb is certainly one important indicator. When the
ambulances are in operation, vibration in the lateral direction, due to the curves,
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would make the emergency care not easy to operate for the paramedic and even cause
trauma to patient. So acceleration of zs and roll motion are also two important
indicators. Moreover, the subsequent pitch motion due to frequently brake and start
will generate negative foot-to-head acceleration in the lying patient, which would
result in side effect, such as rapid shifting the blood to the head, reduction of venous
return, and the rise of the patient’s blood pressure.

In this case, there are four important indicators for the comfort performance of the
ambulance: RMS of acceleration of zb, zs, roll of sprung mass and pitch of sprung
mass.

5.4.2 Simulink model of the integrated model

The Simulink diagram of the integrated ambulance and HIS suspension model can be
built shown in Figure 5.1.

Figure 5.3 Integrated 8 DOF ambulance model with HIS suspension

5.4.3 Find the optimized value of μ

The ratio between the cross-sectional cylinder-areas of front and rear HIS μ is
certainly going to influence the HIS comfort performance. To find the optimal value
of μ, the results of RMS values of responses of acceleration of zb, zs, pitch and roll
motion in time domain are shown in Figure 5.4. During this process, μ is varied from
0 to 2 at the distance of 0.1.

To find the best values of all of the three parameters μ and ηi (i = f, r), when varying μ,
the values ηi are fixed as 1 (the right and rear cross-sectional areas of cylinders are
equal).
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Figure 5.4 RMS values varying μ

In this figure, “+” and “*” represent the RMS values of acceleration of zs and pitch
respectively. The higher and lower “.” represent the RMS values of the acceleration of
roll motion and zb respectively.

Since lower the RMS value better the results, but from the figure we can see that there
is no single certain value of μ corresponding to all four indicator. After making a
trade-off, μ = 0.6 can be regard as approximately the best value to achieve the overall
comfort performance for the ambulance.

5.4.4 Find the optimized value of ηi

(1) The optimal value of ηf
In this process, μ is fixed at its optimal value 0.6. Then, ηf is varied from 0 to 3 at the
distance of 0.1. The results of the RMS values is shown in Figure 5.5.
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Figure 5.5 RMS values varying ηf

From the figure, the RMS of acceleration of zs, zb and roll is approximately the same
from ηf = 0 to ηf = 2, while RMS of acceleration of pitch motion is decreasing as ηf is
decreasing. So, to achieve the low RMS of pitch and at the same time not causing too
high of RMS roll, the value of ηf is chosen at 0.5.

(2) The optimal value of ηr
In this process, μ and ηf are fixed at their optimal value 0.6 and 0.5. ηr is varied from 0
to 3 at the distance of 0.1. Then the results of RMS values are output in Figure 5.6.

Figure 5.6 RMS values varying ηr

From the figure, the RMS of acceleration of zs, zb and roll is approximately constant
low from ηr = 0 to ηr = 1.5, while RMS of acceleration of roll motion shows relatively
obvious minimum at ηr = 0.9. So ηr is selected at value of 0.9 as its optimal one.
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Summing up all the analysis, the ratio of cross-sectional areas of different cylinders
are determined: μ = 0.6, ηf = 0.5, ηr = 0.9.

5.5 Comparison Between HIS and Conventional Suspension

To further verify the improvement of the comfort performance of the ambulance with
HIS, based on the optimal parameters of HIS (μ = 0.6, ηf = 0.5, ηr = 0.9), the comfort
responses of the ambulance with HIS and without HIS are compared. The input of this
system is grade C random road profile. The results are shown from Figure 5.7 to 5.14.

The red line represent the responses without HIS, and the black line represent the
responses with HIS.

(1) The responses of vertical motion of the stretcher

Figure 5.7 Comparison of acceleration of zb

Figure 5.8 Comparison of zb

(2) The responses of vertical motion of the sprung mass
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Figure 5.9 Comparison of acceleration of zs

Figure 5.10 Comparison of zs

(3) The responses of pitch motion of the sprung mass

Figure 5.11 Comparison of acceleration of pitch of sprung mass

Figure 5.12 Comparison of pitch of sprung mass

(4) The responses of roll motion of the sprung mass
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Figure 5.13 Comparison of acceleration of roll of sprung mass

Figure 5.14 Comparison of roll of sprung mass

To show the results more clearly, the RMS values of each of the comfort responses is
compared between the ambulance with and without HIS. The results are shown in the
bar chart in Figure 5.15.

Figure 5.15 Comparison of RMS of the ambulance with and without HIS.
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From this chart, we can find that the HIS can improve the comfort performance in all
of these eight responses. In addition, the introduce of HIS can significantly improve
the rolling performance of the ambulance. Overall, the HIS is a very good way to
improve the riding performance of the ambulance.
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Chapter 6

Conclusion

In conclusion, the aim of this thesis is to optimizing the comfort performance of the
ambulance by using mathematical method. Start from the 7 DOF standard truck
model, the thesis verifies the accuracy of the method of mathematical modeling by
comparing the mathematical simulation results to Trucksim experimental results.

Based on this method of mathematical model, the thesis forward the analyse to 8 DOF
ambulance model, which is the main topic of the thesis. Based on this 8 DOF, the
controlled variables are accelerations of vertical motions of the stretcher and patients.
And the optimized parameters are stiffness and damping value of the stretcher
suspension. After choosing the optimized parameters, the comfort performance of the
lying patient is largely improved. In addition, since during the riding ambulance, the
speed of the ambulance is frequently changed and the road profile of the ambulance is
also varied and sometimes unpredictable. Will these factors influence the optimized
value of our parameters? To find out, the RMS values of the acceleration of vertical
motion of the patient is used as the indicator of comfort. By varying the parameters of
stiffness and damping of stretcher suspension at each different speed and road profile
of the ambulance, the result is that despite all of these different conditions, the optimal
parameters are independent.

However, the problem of this optimization is that only the comfort of the patient is
improved, because the stretcher suspension is much soft than suspension of the sprung
mass, so the comfort performance of the paramedics are rarely influenced. To fix that,
in the fifth chapter, the thesis focus on properly design the ambulance suspension. In
this case, a HIS subsystem is added to the conventional suspension forming an
integrated HIS ambulance model. By simulating the comfort response of this
integrated model and compared them with the conventional suspension obtained
before, the results is that not only the comfort of the patient is improved but also the
comfort performance of the sprung mass, which make it more convenient for the
paramedics to perform the medical operation. What needs to be mention is that, the
roll motion of the ambulance is the most optimized variable. This information can
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dedicate that HIS ambulance also have a potential of improving the handling
performance of the ambulance during cornering.
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