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ABSTRACT

SMART BED AND CONTACT IMPACT OF FLEXIBLE BODIES

USING ENERGY COMPENSATION METHOD

Pranav Parikh, M.S.

The University of Texas at Arlington, 2015

Supervising Professor: Alan P. Bowling

This work investigates robotic means to prevent pressure ulcers in human

bodies. The smart bed is intended to act as an intelligent assistant to a care-

giver that relieves some of the physical and mental burden involved in preventing

pressure ulcers. This type of device is needed because of a labor shortage in the

nursing field. The smart bed distinguishes itself from the current available measures

by redistributing pressure and minimizing shear forces acting on the skin in contact.

This is done by using data from the sensor grid installed on the bed surface and

actuating the degrees of freedom associated with the smart bed.

Interaction with human body needs contact and impact analysis. Using com-

putational dynamics and computer simulations, a human body is approximated with

a flexible object. By doing impact analysis using energy compensation method, and

checking the energy consistency we can study the interaction, and validate the cor-

rectness of the results.
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CHAPTER 1

INTRODUCTION

1.1 Pressure Ulcers:

Pressure ulcer is commonly termed as bed-sore, decubitus ulcer or pressure

sore and sometimes as pressure necrosis or ischemic ulcer. The term pressure ulcer

was popularized by the Agency for Health care Research and Quality. Pressure ulcer

has been defined as an area of unrelieved pressure usually over a bony prominence

leading to ischemia, cell death and tissue necrosis. This definition has been further

refined by the National Pressure Ulcer Advisory Panel (NPUAP) and European

Pressure Ulcer Advisory Panel (EPUAP) as localized injury to the skin and/or

underlying tissue usually over a bony prominence as a result of pressure, or pressure

in combination with shear and/or friction [http://www.npuap.org/].

Pressure ulcers are a cause of concern since a very long time. Its mention and

effective treatment procedures are very well known and discussed amongst ancient

Indian, and Egyptian civilizations. Triphala, a compound formulation of the herb

Figure 1.1. Stage 4.
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Figure 1.2. Early and Late Stage.

Terminalia Chebula, Phyllanthus Emblica, and Terminalia Bellerica has been de-

scribed in the Ayurveda (ancient Indian system of medicine) as a tridoshic rasayan,

having balancing and rejuvenating effects on the 3 constitutional elements that gov-

ern human life [2]. Triphala is 1 of the important antioxidant rich rasayana drugs

that has been reported to treat chronic ulcers. Another important natural antiseptic

is Honey, which is a fast and cheap home remedy [3].

In the present time, pressure ulcers are still a great deal of concern. Many

studies have been done to know the prevalence of pressure ulcers in hospital patients.

Data from the National Nursing Home Survey, 2004 says, about 159,000 current

U.S. nursing home residents (11%) had pressure ulcers [4]. From about 2% to

28% of nursing home residents have pressure ulcers. A major factor contributing

in treatment of pressure ulcers is Nurses, dissatisfaction among them can create

a great deal of problem. With that motivation Smart Bed is developed with an

aim to reduce the role of care givers. Looking at the seriousness of the situation

November 19th was celebrated as World Wide Pressure Ulcer Prevention Day [http :

//www.npuap.org/].
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Figure 1.3. 4 Stage Symptoms.

Fig 1.3 [http : //img.webmd.com/dtmcms/live/webmd/consumer assets/site

images/media/medical/hw/h9991533 002.jpg]. The most common system for stag-

ing pressure ulcers classifies them based on the depth of soft tissue damage, ranging

from the least severe (stage 1) to the most severe (stage 4). There is persistent red-

ness of skin in stage 1; a loss of partial thickness of skin appearing as an abrasion,

blister, or shallow crater in stage 2; a loss of full thickness of skin, presented as a

deep crater in stage 3; and a loss of full thickness of skin exposing muscle or bone

in stage 4.Of the 1.5 million current U.S. nursing home residents in 2004, about

159,000 (11%) had pressure ulcers of any stage. Stage 2 was the most common

(5%), accounting for about 50% of all pressure ulcers. Stages 1, 3, and 4 made up

about the other 50% of all ulcers [4].

Pressure Ulcers occur in many situations, most vulnerable patients are nursing

home admits, people with trauma cases,and people with physical disabilities [5]. 17%

to 35% of patients have pressure ulcers at the time of admission to a nursing home,

3



Figure 1.4. World Wide Pressure Ulcer Prevention Day.

and the prevalence of pressure ulcers among nursing home residents ranges from 7%

to 23%. Among high-risk patients, the incidence of pressure ulcers is estimated to be

14/1000 patient-days. Residents at higher risk for developing ulcers are those who

have limited ability to reposition themselves, can-not sense the need to reposition,

have fecal incontinence, or cannot feed themselves [5].

Fig 1.4 [http : //www.npuap.org/]. One could use temporary preventive mea-

sures like water bed, and massage bed, but they are helpful in certain cases only,

and are not that efficient to a larger extent. Thus a permanent solution is much

needed which minimizes if not eliminate the role of care takers in treating pressure

ulcer patients.
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1.2 Rigid Body Model:

Smart bed is made up of 28 tiles, each tile would be capable of having 3-dof.

These 3 degrees of freedom would be imparted by using individual motors to each

screw of the 3 screws of the tile. The screws are connected to the motors by a

worm gear. A special mechanism connects the screw to the top square plate which

is further discussed in chapter 2.

1.3 Flexible Body Model:

Each of the 28 tiles of smart bed will be attached with individually operated

and controlled air inflated flexible bladder. This flexible bladder houses more than

730 pressure and shear sensors [6] [7] [8]. The sensors are connected to the control

system of the bed which directs the motion according to the sensed pressure and

shear forces. The bladder is made of a flexible material such as PVC, and the sensors

are designed such that it blends with the bladder material. Detailed description of

the flexible model of the smart bed is provided in chapter 3. This work doesn’t give

more emphasis on sensor design and usage, it is assumed that the sensors can sense

pH, pressure, and shear.

1.4 Contact and Impact analysis:

The smart bed would eventually be tested with human body. In order to

test the bed with the human body it first needs to be tested with an equivalent

system, such as a flexible object like a ball or a cylinder. In this work impact of

flexible bodies like a vertical spring, a box, a truss structure, a cylinder, and a ball is

analyzed using energy compensation method. In this method the kinetic energy lost

5



by the point in contact is compensated with the point in immediate vicinity. Energy

consistency is tested for all the test objects, and they turn out to be consistent.
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CHAPTER 2

SMART BED MODEL DESIGN: RIGID BODY MODEL

2.1 General Idea

The smart bed model can be divided into the Rigid Body model and Flexible

Body model. The rigid model comprises of the tile unit, and the flexible model

comprises of the inflatable bladder which is attached to the top of the tile. The

Smart Bed is an assembly of 28 such tiles, each tile has 3 degrees of freedom, which

is driven by worm and screw assembly. The assembly is actuated by 3 motors which

moves the screws up and down, through the worm gears, as a result the tile moves.

A bladder is attached to the top of the tile base which has an array of sensors. The

network of sensors senses shear and pressure forces.

The use of smart bed is focused on redistributing the pressure, so that the

favorable condition for developing the pressure ulcer doesn’t occur (periodic, cyclic

loading is desirable if not necessary for the total prevention of PUs [9] [10]). The

redistribution of pressure is done by moving the patient without the help of caregiver

or a nurse. The movement in this case is not that much so as it throws the patient

out of the bed, but is sufficient enough to distribute the pressure. The control system

in the smart bed is designed to be capable of judging the amount of movement that

needs to be made. The sensor grid on the surface acts as an transducer to convert

the pressure and shear into control signals. Though the smart bed does most of the

work, it is advisable that it being operated in constant supervision of a nurse. The

process of pressure redistribution can be done illustrated by Fig 2.1 [11].
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Figure 2.1. Soft Manipulation on Flexible Bladder.

Here the human body is approximated by a flexible object like a ball. In

Fig. 2.1(a) , the mattress is very stiff i.e. the internal pressure in the bladder is

very high. The object’s weight is supported at a single point experiencing a large

force, represented by an upward arrow. If the bladder is deflated, the surface sinks,

as there is not much pressure to keep the bladder stiff, allowing distribution and

reduction of the force at each contact point, as in Fig. 2.1-b. However, the skin

is able to stretch, which can increase shear stress, as it sinks into the mattress.

In addition, the contact point in Fig. 2.1(a) still experiences a normal force, and

may not recover sufficiently. Fig 2.1(c) shows repositioning using a stiff surface.

The body rotates and the high force point moves across its surface. However, the

force is still large and the body might move from the desired position, as occurs in

manually turning the patient. Fig. 2.1(d) shows the smaller, redistributed forces

resulting from simultaneous repositioning and deflating the mattress. The original

contact point in Fig. 2.1(a) experiences no force, so the skin can recover. Movement

of the body during rotation can reduce stretch and shear stress in the skin. The

body is likely to remain in the final position and not rotate as far from its original

position as in Fig. 2.1(c). Overall, the body has not moved far from its original

position, even though the mattress is tilted significantly. Periodically shifting the

forces from one side to the other allows the skin on each side to recover, thereby

achieving the effect of turning using small rotations.
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The rigid body model comprising of the tile assembly will have 3-DOF, which

is operated by 3 individual motors. The bladder is flexible and is operated by air

pressure, the air pressure allows it to have almost infinite DOF. The combined use

of air pressure change and the tilt mechanism forms a unique effect and better

controllability than each if used alone.

2.2 Tile Design

The smart bed is made up of 28 units, each unit is called a tile. Tile is as

shown in the Fig. 2.2. The tile model is constructed in solid works, and is tested by

making a similar structure in Autolev/C++. As in the Fig 2.2, there are 3 worm and

gears which are connected to the vertical screws. The screws are motor operated via

the worm-gear arrangement. The actuation of the screw depends upon the speed

of the motor, and motor to gear ratio. Also the amount of movement of the screw

depends upon the motor speed and motor to worm gear ratio. The control signals

to the motor would be given by the Micro Controller unit, our focus here will not be

into designing the control system, rather we would focus on the dynamic and design

study of the structure.

The 3 vertical screws are then connected to a special triangle mechanism via

a rotational-prismatic joint. The 3 screws and the rotational-prismatic joints are

arranged so that they are spaced at an angle of 120o with each other. Let the 3

screw be named as A, B, and C. The 3 rotational-prismatic joints be named as D,

E,and F. Finally the triangular base be named as G. All the connectors D, E, and F

are designed such that they can slide on the respective rod of G on which they are

mounted. The rotational joint helps the triangular base to tilt, which intern moves

the body on the bladder. Each of the screws are independently connected to the

9



Figure 2.2. Tile Design.

motors, this gives them unique flexibility to move the tile. The triangular base is

attached to the tile by a fixed joint.

The kinematics of the the tile is as shown in the Fig 2.3. Let there be a

Newtonian point ’N’, such that it is fixed to the universal reference frame N. N1

and N2 direction vectors are along the plane of the screen and N3 is in the direction

coming out of the screen. A1, B1, C1 are parallel to N1, but is rotated w.r.t the

universal reference frame N by a fixed angle. RNA = 30o and RNB = 60o, RNC = 0o.

Let D, E, and F be the joints connecting with A, B, and C, the frames D, E, and

F have rotation w.r.t A, B, and C respectively as shown in the Fig 2.3. The frame

attached with the tile is G. The tile itself has 2 DOF, which ables it to tilt. The

rotations of the frame G is shown in the Fig 2.3. It is to be remembered that a

10



Figure 2.3. Tile Frame Assigment.

frame is never attached to a point, rather it is attached to a body. The orientation

of the frame at any point on the body will be same. Also as a result of the rotation

of the bodies D, E, and F it slides along the rod connecting the point G, through a

prismatic joint. The distance between the connector D and the point G, keeps on

changing w.r.t the amount of the angle rotated.
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Figure 2.4. Constrained System.

2.3 Constrained System

The tile requires at least 12 generalized coordinates to completely define the

system kinematically. The degree of freedom of the system is 3, that means it

requires to constrain the other 9 unconstrained variables. Using non holonomic

constrain i.e. the loop constrain and the angle constrain we can eliminate those

generalized variables.

Fig 2.4. shows the wire frame diagram of the tile, thus by using loop constraint we

have:

d

dt
(PAE + PEC + PCG + PGD) = 0 (2.1)

d

dt
(PDG + PGC + PCF + PFB) = 0 (2.2)

12



PAE=Position vector connecting points A and E.

PEC=Position vector connecting points E and C.

PCG=Position vector connecting points C and G.

PGD=Position vector connecting points G and D.

PDG=Position vector connecting points D and G.

PGC=Position vector connecting points G and C.

PCF=Position vector connecting points C and F.

PFB=Position vector connecting points F and B.

The non-holonomic constraint will eliminate 6 generalized variables, in order to

eliminate the rest 3 variables we have to use the angle constraint as shown below:

∠(E − C −G) = ∠(G− C − F ) = ∠(F − C −E) = 120o (2.3)

∠(E − C −G)=Angle between points E, C, and G.

∠(G− C − F )=Angle between points G, C, and F.

∠(F − C − E)=Angle between points F, C, and E.

Generalized equation of motion is given by:

Aq̈ + b(q, q̇) + g(q) = JT
c F (2.4)

q=Generalized Coordinates.

q̇=Generalized Velocities.

q̈=Generalized Acceleration.

F=Constrained Forces

Separating q̈ from the equation 2.4 we have:

q̈ =
JT
c F − b(q, q̇)− g(q)

A
(2.5)
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Figure 2.5. Bed Tilt.

Figure 2.6. Bed with Human.

Equation 2.5 can be integrated numerically to obtain velocities and position values,

which could be latter used for simulation. Different methods of integration can

be used few of many are Euler’s method, Runge-Kutta 4 (RK4),and RK45. Here

we have used adaptive RK-45 integrator which is great combination of speed with

accuracy.
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2.4 Bed Design

The Smart Bed is made of 28 tiles each placed in such a way that there are

7 rows and 4 columns. Each tile is individually operated, depending on the signals

obtained from the sensors.
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CHAPTER 3

SMART BED MODEL DESIGN: FLEXIBLE BODY MODEL

3.1 General Idea

Flexible body model of the smart bed comprises of the flexible bladder. One

of the most difficult task in designing the smart bed is to simulate the flexible body.

One of the ways of simulating the flexible system is to discretize the body into

various nodes, and connect nodes by spring mass damper. By using bodies we add

up extra variables in the system which comes up in defining the body frames. These

extra coordinates need to be constrained, using non holonomic constraint, such as

loop constraint. Using loop constraint for a simple small planar system is fairly

easy. Our aim is to simulate a 3 dimensional mesh made up of more than 730 nodes.

Applying loop constraint on such a large system would be very difficult and the

simulation time will increase drastically.

Another method of constructing a flexible structure is by considering the nodes

to be the point masses. The point masses are then constrained to each other by

spring and damper forces. Using spring mass dampers eliminates extra uncon-

strained variables without using any constraint logic. The calculation required for

designing a spring mass damper system is very simple and simulation time reduces

very drastically. Different programming tools could be used to simulate such a sys-

tem, such as C++, Python, Mathematica, or Matlab. By far C++ turns out to be

the easiest and fastest one.
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Figure 3.1. Discretized Plate.

As shown in the Fig 3.1 let the square plate be discretized into many nodes,

each node represents a point mass shown by a red dot. These red dots are connected

with each other by spring force, shown by a black line.

3.2 Spring Mass Damper

Fig 3.2. shows a simple spring damper system with 1 joint connecting two

springs. One end of the spring is fixed and other is free to move. As in the Fig

3.2, J is the joint connecting two springs, K is the spring constant, C is the damper
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Figure 3.2. Spring Mass Damper.

force, and M is the mass.

Spring Force FK is given by:

FK = −(K△x)N̂1 (3.1)

Damping FD is given by:

FD=FDk+FV d (3.2)

FD=Internal Spring Damping + Viscous Air Damping

a=M−1 (FD − FK) (3.3)

”By integrating above equation we can get velocities and position”

3.3 Spring loaded Pendulum

Consider a very simple example of a spring loaded pendulum as shown in Fig

3.3. In the case of a rigid body, the rigid link would experience only gravitational

force. The distance between the fixed joint and the end of the link will not change.

On the other hand in the case of flexible body the distance between the fixed joint

and the end of the link will change. The point mass at the end of the link will
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Figure 3.3. Spring Loaded Pendulum.

experience spring force and the damper force.

x=current length of the link.

△x= change in the length of the link w.r.t equilibrium

△x=1-x (Let the equilibrium length be 1)

The spring force in the flexible link can be given by:

FK = −(K△x)d̂ (3.4)

K=Spring Constant. where d̂ is the direction vector.

d̂ =
POA

magnitude(POA)
(3.5)

In the case were the damping value is zero or a very small value, there will be very

large deformations in the link. This might tend to failure of integration block. In

the physical sense the damping values are very high.

3.4 Planar Closed Loop Flexible Body

Fig 3.4 shows a planar flexible body with 3 links. Here each point mass will try

to pull or push the adjacent links into equilibrium position. If no gravity is acting

on the system and the point masses are placed such that the link are in equilibrium
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Figure 3.4. Closed Loop Flexible Body.

position then there will be no deformation in the system. With including gravity in

the system, it forces the system to change the position. As damping is acting after

a finite time the system would come to rest.

Let,

△x1= change in the length of the link 1

△x2= change in the length of the link 2

△x3= change in the length of the link 3

FAK = 0 (3.6)

FBK = (K△x1)d̂A− (K△x2)d̂B (3.7)

FCK = (K△x2)d̂B − (K△x3)d̂C (3.8)

FAK=Spring force at point A.

FBK=Spring force at point B.

FCK=Spring force at point C.

3.5 3 Dimensional Spring Constrained Point Mass

As in the Fig 3.5 a spring constrained point mass, constrained on 4 sides of

a square. Here the only forces acting on the point mass are the spring force, the

damping force and the gravitational force. Gravitational force is in the -ve N3>

direction. Under the effect of gravitation the point mass will tend to move in the -
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Figure 3.5. Point mass constrained by 4 springs.

N3> direction. As the point mass moves in the - N3> direction, the spring force will

act on it, as the spring deforms from its original equilibrium position. The spring

force will try to pull the point mass to its original position. The point mass will

keep on moving down unless the spring force exceeds or is equal to the gravitational

force. The point mass will move up and down as a result of varying spring force.

The damping force will keep on reducing the intensity of the vibrations, and after

some time the vibrations will turn to zero.

3.6 Generating a Mesh

Generating a mesh is very simple if certain organized steps are followed. Using

the method as described to construct a planar flexible body, as in Fig 3.4, as per

the amount of point masses a long chain is to be constructed. Here for the flexible

bladder we have 730 point masses, the point masses are to divided equally. Starting

with the bottom section as in Fig 3.1, first connect all the point masses horizontally.

Each chain will have 27 point masses, and there are 27 chains. In order to complete
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Figure 3.6. Pressurized Mesh.

the mesh each adjacent chain needs to be connected. So we have 28 Spring Mass

Dampers-SMD per chain horizontally and vertically.

The logic behind the construction of the mesh is similar to construction of the

cloth structure as in [12].

Using Newton’s 2nd Law of motion, i.e. F=ma, we have:
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F=Forces on the point masses.

a=acceleration of the point mass.

m=mass.
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Figure 3.7. Pressure in mesh.

∫

a=M−1

∫

F (3.9)

By integrating the above equation of acceleration we get velocity and position. We

can use the velocities and position to simulate a system.

3.7 Pressure Design

Our main aim is to construct a flexible mesh that is air inflatable. Consider

the example as shown in Fig 3.5. It shows a small part of the mesh which has 4

point masses in order to apply pressure to this small section we have to take a cross

product of the position vector of the springs that connect the point masses. Let,

PC=Pressure at point C, then we have by [13],

PC = P (CrossC1−C8 + CrossC8−CA + Cross+ CA− CD + CrossCD−C1) (3.10)

where,

P=scalar value of pressure.
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CrossC1−C8 = CrossproductofpositionvectorsPC1andPC8

CrossC8−CA = CrossproductofpositionvectorsPC8andPCA

CrossCA−CD = CrossproductofpositionvectorsPCAandPCD

CrossCD−C1 = CrossproductofpositionvectorsPCDandPC1

The cross products will generate a vector that is perpendicular to the plane

formed by the other two vectors. By adding all these perpendicular vectors we

will get a resultant vector, which is the resultant pressure directional vector. By

multiplying it with a scalar value of pressure P, we get the effect of pressure on the

mesh.

There are general misconceptions about point masses behaving in random way

when subjected to pressure. If all the values and forces are formated properly the

behavior would be proper.

3.8 Assembling Bed and Mesh

Rigid body dynamics is done in Autolev which generates a symbolic code in

C++ or Matlab. The simulation time of the code generated from autolev is very

long as the code is symbolic. Autolev gives high flexibility for small systems, and the

programming is very easy. The method used is based on kane’s method for finding

equation of motion. Symbolic method is preferable for small systems. For larger

systems recursive methods are preferable, like featherstone’s algorithm. In the case

of system made up of point masses we need not use any of the methods.
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3.9 Sensor Design

The work here is concentrated more on the dynamics and design, rather than

the instrumentation part. It is assumed that the sensors that we have chosen will

work to its standards. An introductory idea of the sensors and its basic design is

presented as below.

Each tile in the smart bed includes a parallel mechanism for which some

accurate measurement of the joint displacements must be determined. Encoders can

be used to determine the displacements for the three legs of tile. It is also possible

that additional sensors, such as LVDTs and switches, will be used to provide a

home configuration and allow an easier determination of configuration variables in

the tile model. Sensors to measure the internal pressures of each air bladder are also

included.

3.10 Air Bladder’s Sensor Suite

The sensors embedded in the surface of the air bladder are intended to mea-

sure the factors that contribute to PU formation in order to facilitate the study

of early detection. There are five key issues involved in designing the air bladders

surface:

1) sensor configuration,

2) sensor manufacture,

3) sensor number and density,

4) surface manufacture,

5) patient comfort.
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Figure 3.8. Configuration of Sensor Platform.

The sensor network cannot be implemented using commercial off-the-shelf

sensors. As such, new types of sensors will be invented for simultaneous pressure,

shear, skin pH, and moisture measurement. It is an open problem as to how to

accurately measure shear forces in the skin, although preliminary work in this area

is promising.

Moisture and Skin pH Sensing Moisture and skin pH can be measured

using a micro strip patch antenna [14] [15]. A patch antenna consists of three

components: a ground plane, a dielectric substrate, and an radiation patch, see Fig.

3.8(b). Functioning as an electromagnetic resonator, the patch antenna radiates at
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8.6 mm

Figure 3.9. Sensor Array.

resonant frequencies that are determined by the dimensions of the radiation patch

as well as its effective dielectric constant. The effective dielectric constant, in turn,

is determined by the dielectric constant of the medium above the radiation patch

and that of the substrate. Moisture and skin pH changes the dielectric constant

of human tissue, a change that is measurable from the antenna frequency, if the

antenna is placed close to the body.

Shear Sensing Shear forces will be measured using a patch antenna with a

slotted ground plane [6]. When a slot is introduced in the ground plane, the current

flow in the radiation patch is partially cut off, forcing the current to flow around

the slot. As a result, the electric length of the current increases, which reduces the

antenna frequency [16]. The configuration of a bi-directional, antenna sensor that

can measure shear forces is shown in Fig. 3.8 (c). The antennas f 10 frequency, cor-

responding to the TM 10 radiation mode, is dependent on the overlapping length

between the vertical slot and the antenna patch [16] [17]. Similarly, the f 01 fre-
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quency is influenced by the overlapping length between the antenna patch and the

horizontal slot. Therefore, the shift of the slots in either direction will cause a shift

of the f 01 or f 10 frequencies allowing measurement of shear force. The slots on

the ground plane are not through-slots, so the shear sensors are electrically isolated

from the moisture/skin pH sensors.

Pressure Sensing A loop antenna will be placed underneath the antenna

patch which now serves as a reflector, see Fig. 3.8 (a) [7] [8]. Applying pressure

changes the distance between the loop antenna and the reflector, and thus the loop

antennas resonant frequency. The patch and loop antennas will be designed to

have different resonant frequencies so that there is no coupling between the two

antennas. The sensor size is projected to be 5 mm square and 1 cm in height. A

unique advantage of the antenna sensors is that they can be multiplexed to form a

densely distributed sensor network. Fig. 3.9 shows a four-antenna sensor array that

provides a spatial resolution of 1 mm [18].
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CHAPTER 4

IMPACT ANALYSIS USING ENERGY COMPENSATION METHOD

4.1 General Idea

As discussed before, the smart bed is to be interacted with human body. In

order to study the interaction of human body and the bed i.e. the flexible bladder,

we have to study the contact and impact analysis. Different methods of impact

analysis are available and are under study. Our focus here is on impact analysis of

flexible bodies. Also the first step in studying the impact analysis of flexible bodies,

we have to first study its impact with a flat surface. The interaction between flexible

bodies is much more difficult than between a flexible body and a hard surface.

The study of flexible body impact can be compared to rigid body impact

and are to some extend similar. In the case of rigid body, the relative distance

between the point on the body remains constant, while in the case of flexible body

the distance between points keep on changing. Understanding the concept given by

[19], in which work energy relation is used. Impact force is found at work consumed

during impact, the energy lost depends on the coefficient of restitution. If the

coefficient of restitution is 1, then the energy lost will be zero. The time taken for

rigid body impact is nearly zero, i.e. the rigid body impact is instantaneous. On

the other hand the time taken for the flexible body impact takes a non zero time.

Impact force could be found by using the newtons 2nd law of motion, this force stops

the body from penetrating into the ground. That means the velocity of the point in

contact should be zero, but this tends to make the kinetic energy inconsistent. On

the other hand if there is no damping in the system there should not be any energy
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loss. The Energy Compensation Method, takes care of this and the energy lost is

converted into velocity of other particles.

Questions might arise that which points, or how many points should be consid-

ered for energy compensation, a detailed description is provided later in the chapter.

Different shapes and structures are studies in this work, like a planer spring, dou-

ble spring, cylinder, truss, prism, and ball. In order to check the analysis I have

used energy consistency approach, if the model is right and there is no damping the

energy of the system should be consistent or constant.

4.2 Flexible Body Impact

The flexible body analysis is somewhat similar to the rigid body analysis as

given by [19]. Let us understand the concept by taking an example of impact of

a flexible link or a vertical spring. The flexible spring is constructed by using two

point masses, these point masses are force constrained using a spring mass damper

equation given by Equ 3.1 and 3.2. By using the newtons second law of motion, i.e.

given in equation 3.3 we can simulate the spring. It is always advisable to check the

energy without damping before moving to the impact analysis. Using point masses

though is very simple and comfortable to use for large systems, it can be tricky if

there are errors in programming. The most easy way is to divide the program into

different functions like a function for spring mass damper, or making a function for

basic shapes like a polygon, or a cube.

Once a system is constructed correctly and energy consistency is checked we

can go ahead with the impact analysis. Let us understand it with an example of

impact of a vertical spring, be as in the figure 4.1. The values of the spring constant

here is taken random and is just for experimental purpose (Spring constant K=5000).

The value of damping if applicable is (C=10), and there is no ambient damping in
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this case. Using newtons 2nd law of motion and integrating the acceleration we can

get the values of velocities and position. The use of velocities and position is very

important for this study.

The first step in the impact analysis would be understanding contact, which

is discussed in next chapter.

4.3 Contact

Concept of contact will be similar in the case of rigid and flexible bodies.

Consider an example of a rigid ball as in the fig 4.3, the forces acting on the rigid

ball is gravity. Let the initial position be such that the ball is just touching the

ground. In order to stop the ball from going past the ground surface, there should

be an equivalent force to stop the ball from penetrating. The force here would be

as follows:

FR = FInternal + FGravity (4.1)

The gravitational force here is equal to -9.81 m
sec2

, and internal force for rigid

bodies is 0, while that for the flexible bodies is non zero. It is very important to

understand that the contact or equilibrium force is a continuous force unlike that of

the Impulse. Its equal in magnitude and opposite in direction to the force exerted

by the object on the resting surface.

4.4 Collision

Collision occurs when two objects come in contact with each other, excreting

some force. The force in this case is the impact force. Collision is an Instantaneous

process, which takes place at infinitesimal time. In order to track the collision an
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Figure 4.1. Contact.

event function is necessary. The event function is created in C++, which tracks the

collision in the integration block.

4.5 Rigid Body Impact

Before going forward with the flexible body analysis, let us first discuss rigid

body analysis as given by [19] and [1]. Net work during an impact is given by,

W1−2 = T2 − T1 =
1

2
q̇T (t+ ǫ)M q̇(t+ ǫ)−

1

2
q̇T (t)M q̇(t) (4.2)

Normal Work:

Wn =

∫

FTdx =

∫

ϑTGdpnr (4.3)

The coefficient of restitution (COR) is a measure of the ”bounciness” of a

collision between two objects: how much of the kinetic energy remains for the objects

to rebound from one another vs. how much is lost as heat, or work done deforming

the objects.

Stronge’s Coefficient of Restitution,

Wnf = (1− e2
∗
)Wnc[20] (4.4)
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The impact in rigid bodies can be understood by the work energy plot in Fig

4.1. The Impact process can be divided into 4 phase:

1) Pre-Collision.

2) Collision.

3) Compression.

4) Restitution.

If there is no damping in the system the work done by the system would be

constant, i.e. no energy is lost before impact. When the rigid object touches the

ground collision is detected, which initiates the impact process. During Impact the

first phase is compression, in which the object deforms until the change in work is

zero. The work impulse plot plays an important role in study of compression phase.

The compression phase is started when the work tends to go -ve i.e. work is done by

the system, when the work is minimum, or change in work is zero the compression

phase is ended. The amount of energy lost depends on the coefficient of restitution,

which is given by Equation 4.3. If the coefficient of restitution in 1, then the work

energy plot would end at 0.

4.6 Continuing with Flexible Body Impact

Fig 4.3 shows an example of spring that undergoes impact. The figure shows 5

stages of the impact process:

1)Pre-Impact

2)Impact

3)Reaction
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Figure 4.3. Impact Phenomenon.
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4)Compression

5)Restitution

Before the impact i.e. when the spring is just released from a height, the spring

is under gravitational force. The gravitational force pushes the spring downwards,

as a result of some velocity that is induced into it. It is assumed that the spring is

not compressed when released from a height. As as result there is no vibration in

the spring and it behaves like a rigid body (No internal energy, or potential energy

of the spring). When the point B of the spring comes in contact with the ground,

i.e. when the vertical component of the position of point B is zero collision occurs or

the impact process is initiated. At that moment the points A, and B of the spring

will have some velocity let it be ’a’. As a result of the impact the point in contact

i.e. point B will undergo instantaneous contraception of its velocity. As the velocity

of that point in contact becomes zero there is inconsistency in the energy (assuming

there is no damping in the system). The energy calculation is as done below:

Work=KE + PE. (4.5)

Where,

Work= Normal Work during the impact process.

KE= Total Kinetic Energy of the System

PE= Total Potential Energy of the System

Also we know that,

KE=
1

2
Mv2 (4.6)

35



v=Velocity of a particle in consideration

M=Mass of the particle, which in our case is equal to 1 as it is a unit mass.

PE=PEG + PES (4.7)

PEG=Potential Energy due to gravity

PES=Potential Energy of the Spring Potential Energy due to gravity is given by

PEG=Mgh (4.8)

M=Mass of the unity point mass=1.

g=gravitational acceleration.

h=height of the particle from the surface.

PES=
1

2
K△x2 (4.9)

K=Spring Constant

△x= change in the length of the spring with respect to the equilibrium length.

If the energy is calculated at that point it is found that there will be a dis-

continuity in the energy. This inconsistency in the energy is because of the velocity

drop at that instance due to impact. In order to maintain the energy constant we

have to make some changes in the velocity of other particles.

KEBeforeImpact =
1

2
[V 2

Pa + V 2

Pb] (4.10)

KELost =
1

2
[V 2

Pb] (4.11)

V 2

PaNew = [V 2

Pa + V 2

Pb] (4.12)
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VPaNew =
√

([V 2

Pa + V 2

Pb]) (4.13)

The kinetic energy before impact can be given by eq 4.10. During the start

of the impact the kinetic energy lost will be given by eq 4.11., thus the remaining

KE will be due to velocity of point Pa. In order to find the new velocity we have

to compensate the energy lost into velocity of the other particle. This is done by

equating the energy before impact to the energy of the particle which is not in

contact with the ground. Thus the new velocity is found by equation 4.12. This

equation is further simplified by eq 4.13 which is the rms value of the velocities

before impact. The energy plot during the whole process is as below:

4.7 Work Impulse Relationship

We know that Impulse P can be given by:

P = M△v (4.14)

Here,

M=mass which is a scalar.

P=Impulse.

△v=change in velocity.

v=velocity after the impact.

v0=velocity before impact.

F=force at the point mass.

W=work done by the point mass.

dx=change in displacement of the point mass.

P = M(v − v0) (4.15)

P

M
= v − v0 (4.16)
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v = v0 +
P

M
(4.17)

We also know that Impulse is given by:

P =

∫

Fdt (4.18)

dP = Fdt (4.19)

F =
dP

dt
(4.20)

We also know that Work is given by:

W =

∫

Fdx (4.21)

W =

∫

dP

dt
dx (4.22)

W =

∫

dPv (4.23)

dW = vdP (4.24)

from equ 4.17 we can replace v so we get:

dW = (v0 +
P

M
)dP [21] (4.25)

Work impulse plot is constructed by using the equation above, given by [21]. Com-

pression phase ends when the change in work is zero. But at the time of impact the

velocity of the point is zero, i.e. v0 = 0. Thus impulse is given by

P = Mv (4.26)

38



CHAPTER 5

SIMULATION RESULTS: IMPACT OF DIFFERENT OBJECTS

5.1 Result Analysis

Smart bed is eventually to be tested with human, but interaction with humans

require contact and impact analysis. Using the contact and impact simulation tech-

nique described in the previous chapter we can simulate the whole process. Impact

analysis between flexible bodies is fairly difficult. On the other hand by studying

impact analysis between a flexible body and a hard surface and later replicate the

method between flexible bodies.

This method is validated with the fact that if there is no damping in the system

then there is no energy loss. By plotting the total energy graphs along with Kinetic

energy, potential energy, spring potential, and gravity potential we can study the

whole process. As shown in the graph the blue line denotes total energy, orange is

total kinetic energy, green is total potential energy, purple is gravity potential, and

red is spring potential.

By analyzing the graphs shown below we can say that when there is no damp-

ing the total energy which is described by the blue line, remains constant. On the

other hand due to impact a portion of gravity potential is converted into spring

potential or vibrations of the spring. For the case when there is some damping in

the system, the total energy would consistently decrease. The system can be vali-

dated by the fact that the total energy would always decrease and there is no energy

generated by the system. Both the conditions are completely satisfied.
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5.2 Test Cases

The method is exemplified by simulating different test cases, such as a spring,

double spring, cylinder, truss, prism, and a cube. All the results and plotted and

tested using energy consistency method.

The test cases are as below:

Figure 5.1. Single Spring.
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Figure 5.2. Double Spring.

Figure 5.3. Cylinder.

41



Figure 5.4. Truss.

Figure 5.5. Prism.
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Figure 5.6. Cube.

5.3 Single Spring

Figure 5.7. Energy Graph of Spring w/o Damping.
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Figure 5.8. Energy Graph of Spring with Damping.

5.4 Double Spring

Figure 5.9. Energy Graph of Double Spring w/o Damping.
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Figure 5.10. Energy Graph of Double Spring with Damping.

5.5 Cylinder

Figure 5.11. Energy Graph of Cylinder w/o Damping.
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Figure 5.12. Energy Graph of Cylinder with Damping.

5.6 Truss

Figure 5.13. Energy Graph of Truss w/o Damping.
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Figure 5.14. Energy Graph of Truss with Damping.

5.7 Prism

Figure 5.15. Energy Graph of Prism w/o Damping.
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Figure 5.16. Energy Graph of Prism with Damping.

5.8 Cube

Figure 5.17. Energy Graph of Cube w/o Damping.
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Figure 5.18. Energy Graph of Cube with Damping.

5.9 Complex Structure

The energy compensation for simpler objects is as above. For more complex

structures we can divide the whole structure into small cubes. The cubes will have

point masses on every corner and one at the center. We can compensate the energy

of the colliding particles with the point mass at the center. The figure below shows

an example of a cube with a point mass at center.

Figure 5.19. Cube Structure.
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