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Abstract

KEYWORDS: Sit-to-stand, Lagrangian dynamics, Recursive Newton-Euler

equations, Motion prediction, Dynamic effort, B-spline

This project aims to conceptualize and design a device to assist Sit-to-Stand (STS)

motion for humans. Kinematics and dynamics of unaided STS motion for a simplified

model of human with arms folded and close to chest, in sagittal plane is studied for

the device design. The formulation is extended for analyzing aided STS motion. Dy-

namics of closed loop mechanisms or constrained dynamic systems is studied in five

different ways. Imitation of natural STS trajectory for aforementioned human model is

accomplished by optimal control with an unknown trajectory parametrized in terms of

a cubic B-spline. Human performance measure optimized during natural STS motion

is defined suitably and numerical optimization is carried out to obtain said trajectory.

Human is modeled as a 3R planar linkage moving between specified initial position

of sitting to final position of standing. Inverse dynamics for unconstrained systems is a

straight forward substitution problem. Human performance measure to be minimized

over the path is defined as dynamic effort. Dynamic effort is defined as square of norm

of joint generalized force vector. The optimization is carried out using other conditions

of optimality such as total work done over the path too. Only dynamic effort of all the

optimality measures tried out, leads to humanly trajectories. Predicted trajectories

are compared to the captured experimental ones to ascertain their validity.

For simulation of aided STS motion, amongst a variety of possible support strate-

gies, one with the minimalistic approach is chosen. Human along with the device is

modeled as a single loop six bar planar mechanism with five revolute joints and one

prismatic joint. Mobility of the mechanism turns out to be three. Knee, hip and the

prismatic joint are considered as the active degrees of freedom while ankle, shoulder

and interface of the device with ground remain passive degrees of freedom. Two dif-

ferent joint spaces are chosen for simulations - first is a set of variables defined by DH

convention and second set is defined with space fixed variables.
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Equations of motion for the closed loop mechanism are derived adopting recursive

Newton Euler equations using body fixed coordinates. Derivation of the same using

Lagrangian approach with space fixed coordinates is also accomplished. Both the for-

mulations are verified with each other in closed form. The Newton-Euler formulation

facilitates calculation of joint reaction forces which are needed during constrained op-

timization as well as validation of the trajectories.

Results reveal that the simulated joint torques in case of aided STS motion are never

larger than that of natural STS motion. This signifies that the device may not add

to efforts in natural movement. Further, it is observed from the simulations that the

torque delivered by knee is reduce greatly while using aid of the device. Experimental

data of ground reaction forces suggest usefulness of the device too.
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Chapter 1

Introduction

Motivation

Sit-to-stand (STS) is a common activity performed repeatedly in daily lives which

requires relatively high joint torques and a full-bodied coordination of lower and up-

per extremities with postural stability [13]. STS may be defined as one of the key

determinants of functional independence in daily lives. Standing up is a prerequisite

to majority routine movements thus mobility of those who cannot achieve it indepen-

dently is crippled greatly. A person infirm to perform sit to stand movement depends

on help of a second person or a good enough support. These people tend to restrict

their movement in absence of a helper.

A device helping infirm to stand up will alleviate their pain allowing them to fol-

low regular activities smoothly. A market survey (performed during the course of this

project) of such sit to stand aids in India leads us to the fact that there exist very few

STS movement solutions. There are quite a few stand up aids in developed nations

(detailed survey is done in [14]), however the number of such solutions is quite less as

compared to walking aids. Most of STS assistive devices are electrically powered. The

size and weight of the electric actuators along with their batteries make the devices

heavy and limits their transportability. This project aims at developing a portable

STS motion aid. Both active (electrically powered) as well as passive (regenerative)

devices are thought of while brainstorming for the device design. Design procedure for

bio-mechanical assistive devices or rehabilitation equipment often demands practical

experiments to estimate performance parameters of the device.
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Planing and executing STS experiments is time and resource consuming. Motion

capture system synchronized with force plates are required to generate complete dy-

namic model of the movement. Conducting STS experiments has many downsides. As

the task is mechanically demanding, only limited repetitions of STS movement can be

carried out at a time before a healthy subject loses his/her strength and starts chang-

ing the STS trajectory unknowingly. On the other hand, testing a device prototype

on the injured or elderly people in order to obtain their feedback on the performance

of the device may lead to new injuries to them which may affect the quality of rest of

their life. Also, a lot of experiments would be required to test the device on all possible

types of lower limb injuries and combination of them.

This is where computational modeling of human movements on computer platform

becomes crucial. Firstly, simulation of unaided sit to stand motion is done. It is

followed by more complicated simulation of human interaction with the assitive device.

The benefits of computational modeling are numerous. Unlimited number of virtual

experiments with different human body parameters can be carried out. Injuries can be

modeled as constraints on certain force or torques. Multiple injuries can be simulated

together. All of this without annoying the patients and risking their well being.

Objectives and Scope

The project objectives are twofold −

1. To study the dynamics of sit to stand motion using a computational model

(a) Unaided STS motion in sagittal plane will be simulated

(b) Aided STS motion in sagittal place will be simulated

2. To develop a device assisting STS movement.

2



1.1 Overview of Thesis

Chapter 2 reviews the concepts of rigid body dynamics used in STS trajectory pre-

diction. Kinematics of multi-link mechanisms is discussed in section 2.1 followed by

dynamics in section 2.2. Inverse dynamics formulations for open and closed loop mech-

anisms are discussed in sections 2.2.1 and 2.2.2 respectively.

Chapter 3 includes the computational modeling of unaided STS motion with hands

folded close to chest. The simulation results are compared to those of experiments in

order to test the motion prediction algorithm. Chapter 4 extends the algorithm for

closed loop model of human with assistive device. The design and working of STS aid

device is explained in chapter 5.

1.2 Literature Survey

The literature surveyed is classified in two categories- patent and literature survey of

existing STS motion assist devices and second is the survey of past studies in motion

prediction methods.

A detailed survey of devices available for assisting STS motion is included in [14].

Conventional design procedures for assistive devices rely heavily on experimental re-

sults. With motion capture technology supplying the joint angle trajectories as function

of time, joint torques/ forces are calculated using inverse dynamics equations. Few such

studies are surveyed for verification of computational work. The results of free STS

motion have been verified with experimental joint trajectories of [7].

The trajectory optimization approach followed in this study resembles to that of

[16]. The measure of effort of human during STS motion is adopted from the same

work. Optimization based motion prediction is applied to a simple 2R planar robot to

generate trajectories with minimal work done over the path in [16].The work published

in [6] has several illustrations of OL mechanism trajectory planning with minimum

joint torques and an example of closed loop motion planning. Three dimension STS

motion prediction problem is undertaken and solved in [13]. A two step method for

joint torques and GRF calculations using concept of ZMP is proposed in the same.
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A simple and computationally efficient approach for dynamics of closed loop mech-

anisms using Newton-Euler formulation is discussed in [11]. The same is adopted in

the computations of the study. Other approaches from [12] and [1] are also tried out

during formulation of the problem.

The critical step in trajectory prediction is the optimization of dynamic effort calcu-

lated on the path of motion. The objective function is highly nonlinear and calculating

analytical gradients of such function is computationally unreasonably expensive due to

non-linearity of the objective function. Numerical gradients may become ill conditioned

adversely influencing the optimization process. For the same reason, [6] has developed

recursive calculations for analytical gradient needed in the optimization algorithm for

such problems.

4



Chapter 2

Basic Concepts

2.1 Kinematics of Multi-Link Mechanisms

The study of kinematics is divided into two main categories −

• Forward kinematics

• Inverse kinematics

Forward kinematics is the calculation of kinematic quantities such as but not limited to

position, velocity and acceleration of a certain point P on mechanism given information

of position, velocity and acceleration of the joint variables q. E.g.

P = f1(q)

Ṗ = f2(q, q̇)

P̈ = f3(q, q̇, q̈)

(2.1)

It is important to note that q = q(t) but P is not an explicit function of time in context

of the formulations discussed ahead in this report. On the other hand, calculation of

joint variables q given the position of certain point P or end effector constitutes the

inverse kinematics. E.g.

q = f−11 (P )

q̇ = f−12 (P , Ṗ )

q̈ = f−13 (P , Ṗ , P̈ )

(2.2)
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Forward kinematics of open loop mechanisms is straight forward and has unique solu-

tion. The inverse kinematics of open loop mechanism often has multiple branches of

solution. In the case of forward kinematics of closed loop mechanisms, the solution has

multiple branches complicating the process than that of the open loop mechanisms.

On the other hand, inverse kinematic problem for closed loop mechanisms is generally

easier, or of same complexity as that of open loop mechanisms.

2.1.1 The DH Convention

In order to define the coordinate transformations between frames attached to all the

links of a mechanism, an unified approach based on screw theory known as DH param-

eters was proposed in [5]. We will be using modified DH parameters as defined in [3]

throughout this study.

2.1.2 Kinematics of Closed Loop Linkages

A closed loop mechanism can have active joints only equal to the degrees of freedom of

the mechanism. We will not consider the case of redundant actuations here. So, given

set of joint variables q, it consists of active variables θ and passive variables φ. Hence

joint space q = (θT ,φT )T . To solve for the passive variables, we write suitable loop

closure equation(s)

η(q) = η(θ,φ) (2.3)

The zeroth order forward kinematics problem for closed loop mechanisms refers to

finding the solutions φ = φ(θ) to equations (2.3). The solution is found out by

repeated trigonometric elimination. The first order forward kinematics solution or the

joint rates of passive angles are calculated by differentiating equation (2.3) with respect

to time as follows

∂η

∂θ
θ̇ +

∂η

∂φ
φ̇ = 0 (2.4)

⇒ φ̇ = −∂η
∂φ

−1∂η

∂θ
θ̇ (2.5)
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Writing Jηθ = ∂η
∂θ

, Jηφ = ∂η
∂φ

we obtain -

φ̇ = Jφθθ̇ (2.6)

With Jφθ = −J−1ηφJφθ, and det
(
Jηφ

)
6= 0. Similarly φ̈ can be calculated in terms of

θ, θ̇, and θ̈ by differentiating equation (2.6).

2.1.3 Singularities

Before we move to dynamics, it is important to get insight into the conditions which

when occured rescind the calculations of dynamics. Singularities in the case of closed

loop mechanisms can be classified into two types- Type-I and Type-II.

Type I singularity is encountered while solving the inverse kinematics of open

loop or closed loop mechanisms. The singularity occurs at the place where branches of

inverse kinematics meet. This type of singularity results in loosing one or more degrees

of freedom of the mechanism.

Type II singularity is encountered while solving the forward kinematics of closed

loop mechanisms. The singularity occurs at the place where branches of forward kine-

matics meet. This type of singularity results in gain of degrees of freedom of the

mechanism.

2.2 Multi-Body Dynamics

The report will discuss methods of inverse dynamics only. Inverse dynamics involves

calculation of generalized forces given joint variables, their first and second derivatives.

We calculate joint variables and their derivatives by performing inverse kinematics

on given trajectory of a certain point on mechanism. While dealing with closed loop

mechanisms we need to exercise caution at occurrence of Type II singularities.

7



2.2.1 Unconstrained Systems

All the generalized coordinates assumed are independent in unconstrained systems.

The number of generalized coordinates equal the degrees of freedom of mechanism.

Lagrangian and recursive Newton-Euler formulations for open loop systems are dis-

cussed ahead.

Lagrangian Approach

The Lagrangian is defined as

L(q, q̇) = T (q, q̇)− V (q) (2.7)

where T is kinetic energy and V is potential energy associated with conservative forces

[8]. Using Hamiltonian principle, equations of motion can be derived by obtaining the

stationary value of action integral I.

I =

t2∫
t1

L(q, q̇)dt (2.8)

δI = 0 (2.9)

Equation (2.9) after manipulations (which use the fact that all the generalized coordi-

nates are independent), gives

d

dt

(∂L
∂q̇

)
− ∂L

∂q
= 0 (2.10)

Above derivation with a few more manipulations and D’Alembert’s principle for dy-

namic equilibrium gives

d

dt

(∂L
∂q̇

)
− ∂L

∂q
= τ (2.11)

Where τ are externally applied generalized forces. Above equation can be written in

matrix form as

M (q)q̈ +C(q, q̇)q̇ +G = τ (2.12)

8



The mass matrix M contains all the inertia terms. The C matrix contains centripetal

and Coriolis force terms and the G matrix contains all the forces due to gravity. Note

that C matrix can be derived from M matrix alone as given in [10]. The inverse

dynamics of open loop mechanisms is a straight forward substitution problem. We get

generalized forces by substituting joint variables and their derivatives in the equations

of motion (2.12). Lagrangian approach leading to the M , C, G matrices gives us

insight into the characteristics of the mechanism. However, te approach is computa-

tionally expensive for real time computation.

Newton-Euler Approach

In this section we will discuss O(N ) recursive inverse dynamics of open loop mecha-

nisms using Newton-Euler formulation. Newton’s law and Euler’s equation for each

link {i}

0F = mi
0
V̇ Ci

0N = Ci [Ii]
0ω̇i + 0ω × Ci [Ii]

0ωi
(2.13)

Where mi, Ci and [Ii] are the mass, center of mass and inertia of link {i}. The pre-

superscript indicates the frame in which the quantities are calculated, 0 being the

ground frame.

Outward Recursion i : 0→ N− 1

R: i+1ωi+1 = i+1
i[R] iωi + θ̇i+1

i+1zi+1

P: i+1ωi+1 = i+1
i[R] iωi

(2.14)

R: i+1ω̇i+1 = i+1
i[R] iω̇i + i+1

i[R] iωi × θ̇i+1
iz + θ̈i+1

i+1zi+1

P: i+1ω̇i+1 = i+1
i[R] iω̇i

(2.15)

R:
i+1
V̇ i+1 = i+1

i[R](iω̇i × ipi+1 + iωi × (iωi × ipi+1))

P:
i+1
V̇ i+1 = i+1

i[R](iω̇i × ipi+1 + iωi × (iωi × ipi+1)) + 2(i+1ωi+1 × ḋi+1
i+1zi+1)

+ d̈i+1
i+1zi+1

(2.16)
i+1
V̇ Ci+1

=
i+1
V̇ i+1 + i+1ω̇i+1 × i+1pCi+1

+ i+1ωi+1 × (i+1ωi+1 × i+1pCi+1
) (2.17)

9



Where ωi is angular velocity of link{i}, V̇ is acceleration of body fixed frame and V̇ Ci

is acceleration of centre of mass of link {i}. The first equation in every sub-equation is

for revolute joint R while the second one to be used for prismatic joint P . Joints with

more degrees of freedom can be constructed as multiple sdof joints combined together.

Transforming equations (2.13) to {i+ 1} frame we get,

i+1F i+1 = mi+1
i+1
V̇ Ci+1

(2.18)

i+1N i+1 = Ci+1 [Ii+1]
i+1ω̇i+1 + i+1ωi+1 × Ci+1 [Ii+1]

i+1ωi+1 (2.19)

Inward Recursion i : N→ 1

if i = i
i+1[R] i+1f i+1 + iF i (2.20)

ini = i
i+1[R] i+1ni+1 + ipi+1 × i

i+1[R] i+1f i+1 + ipCi
× iF i + iN i (2.21)

R: τ i = ini · izi
P: Fi = if i · izi

(2.22)

Where τi and F〉 are the actuator torque or force at joint {i}. As each joint is considered

to be single degree of freedom joint, number of actuated joints equals to the number

of degrees of freedom equals to the number of equations of motion.

2.2.2 Constrained Systems

Lagrangian Approach

Equations of motion for closed loop mechanism in matrix form can be written as:

M(q)q̈ +C(q, q̇)q̇ +G = τ + τ c (2.23)

Where M (q) is mass matrix, C(q, q̇)q̇ contains the centripetal and coriolis terms and

G contains forces due to gravity. On the right hand side, the vectors τ , τ c repre-

sent applied generalized fores and the forces arising out of the kinematic constraints

respectively. The constraint force τ c can be written as JTηqλ [10]. Where

Jηq =
∂η

∂q
(2.24)
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Equation (2.23) can be written as

M(q)q̈ +C(q, q̇)q̇ +G = τ + JTηqλ (2.25)

Where λ is a vector of Lagrange multipliers. λ can be eliminated in various ways.

Active Joint Space formulation

Here we follow the approach of complete elimination of passive joint variables. Consider

the mapping of active joint rates θ̇ into the rate of configuration space variable q̇

q̇ = Jqθθ̇ (2.26)

where Jqθ =

(
I3

Jθφ

)
(2.27)

Differentiating equation (2.26) and substituting it in (2.25) and pre-multiplying with

Jqθ
T we get:

JTqθMJqθθ̈ + Jqθ
T
(
M ˙Jqθ +CJqθ

)
θ̇ + Jqθ

TG = Jqθ
Tτ + Jqθ

TJηq
Tλ (2.28)

It is interesting to note that

η(q) = 0

⇒ Jηqq̇ = 0

⇒ (JηqJqθ)θ̇ = 0

(2.29)

For arbitrary input joint rate θ̇, JηqJqθ should vanish. And hence (JηqJqθ)
Tλ should

also vanish for finite λ. Finally equation (2.28) can be written as-

Mθθ̈ +Cθθ̇ +Gθ = τθ (2.30)

Where Mθ = JTqθMJqθ, Cθ = Jqθ
T
(
M ˙Jqθ +CJqθ

)
and Gθ = Jqθ

TG and τθ is the

active joint force/ torque vector. It should be noted that equation (2.30) is valid only

when det(Jθφ) 6= 0. We use τθ instead of τ in equation (3.1) to evaluate the dynamic

effort. MOre details about this formulation are given in [12]
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Complete Joint Space formulations

When solving inverse dynamics, equations (2.23) can be viewed as a system of linear

equations in variables X = {τ T ,λT}T . Equations (2.23) now can be written as

AX = B (2.31)

Where,

A =

[
Ina×na Jηθ

Onp×na Jηφ

]
(2.32)

X =

(
τ

λ

)
(2.33)

B = M (q)q̈ +C(q, q̇)q̇ +G (2.34)

Where na is number of actuated joint variables and np is number of passive joint

variables. The matrixA is singular when Jηφ is singular. Hence, both the formulations

discussed above for constrained systems are susceptible to Type II singularity. The

method discussed above is used to calculate inverse dynamics in all the codes written

during this project. Another new method with complete joint space is given in [1]

which is insusceptible to Type II singularity.

Newton-Euler Approach

The method discussed in section (2.2.1) can be easily adapted for inverse dynamics

of closed loop mechanism. One should note that the Lagrange multipliers λ have

units of force. They are nothing but the constraint forces. A reaction force appears

corresponding each kinematic constraint. The method will be explained with the help

of an example of dynamics of four bar mechanism. The mechanism is cut open at one

of the passive joints and the corresponding constraint forces λx and λy are acted at

the tip of the mechanism. The torque of the open loop mechanism (or tree structure,

if intermediate joint is cut open) thus generated is calculated taking all the joints as

actuated joints using recursive equations established in section 2.2.1. But we know

that all joints are not actuated. So we equate the torques of passive (green colored)

joints to zero and thus solve for λx and λy. The method can be extended for multi-loop

mechanism. Another elegant method is suggested in [11]. Earlier, in same section Jqθ
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Figure 2.1: Four bar mechanism cut open at one joint

is defined as mapping of joint rates of active joints to the complete joint space. It is

proven in [11] that

τ = Jqθ
T τ o (2.35)

Where, τ is the required closed loop torque and τo is the torque of the corresponding

tree structure which can be calculated by equations in section 2.2.1

2.3 Interpolation and Approximation of Data Set

Interpolation problem can be defined as construction of a curve say y(x) which passes

through a given set of data points (xi, yi) for i = 1, 2, 3...n where xj > xi with j > i.

While constructing an approximation curve, one seeks a function best fitted to the

given data set. The curve may not pass through the data points. Hermite curbic

spline, polynomial interpolation are examples of interpolation functions. B-splines,

NURBS are examples of approximation curves.

In the STS motion prediction problem, the trajectory of the joint angles is unknown

to us. We may assume the trajectory of joint angle q1(t) in parametrized form viz.

q1(A, t) = a0 + a1t+ a2t
2 + a3t

3 (2.36)

Where A = (a0, a1, a2, a3)
T is the vector of path parameters. On the other hand we

may also parametrize the path using a m segment cubic B-spline curve interpolated at

13



the endpoints with m+ 3 control points ci1, ci2...ci(m+3).

q1(t) =
N∑
k=1

Bk(t)c1k, N = 4 for cubic spline (2.37)

Where C = (ci1, ci2...ci(m+3))
T is the vector of path parameters and Bk are the B-spline

basis functions.

In this study, B-spline is chosen because the curve has convex hull property and can

be controlled locally [2]. The design variables of the optimization problem clearly are

the control points cij with i = 1, 2, 3 and j = 1, 2...(m+ 3).

Figure 2.2: A cubic B-spline with interpolated end points
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Chapter 3

Simulation of Natural Sit-to-Stand

Motion

3.1 Description and Modeling

The natural unaided sit to stand motion is divided into three phases [9].During the first

phase, weight is transfered from chair to legs by swinging the upper body. The center

of gravity of the body is outside the feet during this phase. Weight of the person is

primarily supported by the chair. Second phase consists of transition during which the

supporting force by the chair starts falling rapidly. The ZMP [15] lies inside the feet

after sit-off takes place even though center of gravity is outside the support polygon.

The third phase consists of lifting up the body to standing position.

In this study, STS motion only in the sagittal plane is considered. Sagittal plane is

the one which cuts body into left and right. The human is modeled as a three link open

chain or in short a 3R planar mechanism pivoted to ground. Though the interface of

foot and ground is not a pin joint in real, the assumption remains valid as long as GRF

is positive. The joint angle convention chosen is body fixed defined by DH parameters

defined in Table 3.1. The DH frames are pictorially illustrated in Fig. 3.1. The green

arrows being body fixed z axes and black arrows are body fixed x axes. Link one,

two and three correspond to shank, thigh and trunk of the human body respectively.

Joint one, two and three correspond to the ankle, knee and hip joints respectively. The

link lengths, position of center of mass of links etc. kinematic data and mass, radii of
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gyration etc. inertia values were taken from [4]

αi−1 ai−1 di θi
1 0 0 0 θ1
2 0 l1 0 θ2
3 0 l2 0 θ3
4 0 l3 0 0

Table 3.1: DH table for Human modeled as 3R planar mechanism

(a) DH frames (b) Link lengths

Figure 3.1: DH frames (Human only)

3.2 Problem formulation

To simulate unaided STS, we wish to obtain a trajectory that minimizes overall effort

of the person. The measure of effort can be defined in different ways as discussed in

[17]. We use the measure- dynamic effort DE and define it as follows-

DE =

∫ T

0

(τ · τ )dt (3.1)
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Where T is time taken for motion and τ = (τ1, τ2, τ3)
T is the applied torque at the

actuated joints. We wish to minimize DE. The trajectory optimization problem is set

up as follows

Minimize DE =

∫ T

0

(τ · τ )dt

Subject to M(q)q̈ +C(q, q̇)q̇ +G = τ

q(t = 0) = qini

q(t = T ) = qend

τ ll ≤ τ ≤ τ ul

qll ≤ q ≤ qul

(3.2)

Note that q = q(t) = (q1(t), q2(t), q3(t))
T . Where q1 is angle at ankle, q2 is angle at

knee and q3 is angle of trunk. The angles are defined uniquely by DH parameters. The

solution space q is infinitely large. Therefore, to solve the above optimization problem,

we have to discretize the domain. We model qi(t) as a m segment cubic B-spline curve

as specified earlier in equation (2.37). The design variables of the optimization problem

clearly are the control points cij with i = 1, 2, 3 and j = 1, 2...(m+ 3).

qi(t) =
N∑
k=1

Bk(t)cik, N = 4 for cubic spline (3.3)

q̇i(t) =
N∑
k=1

Ḃk(t)cik (3.4)

q̈i(t) =
N∑
k=1

B̈k(t)cik (3.5)

Where Bk are the B-spline basis functions.

3.3 Simulation and Validation of Results

Dynamic modeling of phase one is complicated and requires the support reaction by

chair as input to calculate joint torques. The rate at which the supporting force reduces

is key input for simulation. The simulations carried out during this study exclude phase

one. At the end of phase one, the trunk acquires some angular momentum. Although
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the center of gravity may be outside the support polygon at sit-off (see Fig. 3.2), the

person does not fall as the ZMP is inside the support polygon of foot. The velocity

acquired by the trunk at the end of phase one is taken as input to the simulation from

unaided sit to stand experiment.

Figure 3.2: Sit-off position captured during STS experiment

3.3.1 Simulation parameters

The initial and final conditions for simulation were chosen by observation from exper-

iments. A typical set of values are shown in Table 3.2 and Fig. 3.3. Time for STS

motion was chosen in interval [1.5, 4] seconds, typical value being 2 s. An eight segment

B-spline was chosen to provide enough degree of freedom to trajectory. Although no

other constraints than upper and lower bounds of design variables were put, the center

of gravity remained in the zone of [0,+20] cm from ankle, positive side pointing right

in Fig.3.3. ’fmincon’ solver in MATLAB R© optimization toolbox was used to solve the

set of equations (3.2). The optimized result i.e. the output trajectory depends on the

starting point due to the local nature of the solver. Heuristic solvers which calculate

global optimum may not be very efficient in this problem as the number of design vari-

ables is very high (33 in case of eight segment B-spline). Also they perform poorly in

presence of non-linear constraints. So, an exhaustive approach for searching optimum

trajectory was taken by choosing more than five set of random starting points for a

given boundary condition.
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Ini. Pos (0) Fin. Pos. (0) Ini. Velo (c/s) Fin. Velo. (c/s)
θ1 63 90 0 0
θ2 110 0 0 0
θ3 -113 0 -0.85 0

Table 3.2: Boundary Conditions for unaided STS

(a) Initial position (b) Final position

Figure 3.3: Boundary conditions for unaided STS

3.3.2 Results and Discussion

Following graphs compare simulated and experimental values of joint angles. Figures

3.4 & 3.5 suggest that the trajectory predicted by simulation has similar characteristics

to that of the experimental values.
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Figure 3.4: Simulated Joint angle variation
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Figure 3.5: Joint angles reconstructed from
unaided STS experiment
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The ground reaction force (GRF) was calculated for the obtained trajectory. The

simulated GRF variation (Fig.3.6) during the course of motion resembles to that of

measured value using force plate (Fig 3.7).
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Figure 3.6: Simulated Vertical ground re-
action force variation from sit-off to stand
up.
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Figure 3.7: Vertical ground reaction force
measured by force plates

The STS motion can be visualized with the help of animation snaps (Fig. 3.8)

captured at short time intervals.

Figure 3.8: Unaided STS Motion visualization
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Chapter 4

Simulation of Assisted Sit-to-Stand

Motion

4.1 Description and modeling

Sit to stand motion can be aided in several ways. A few ideas are depicted in Fig.4.1

with the green joints as active degrees of freedom. There exist devices that lift the per-

son up completely with no strength required from the side of human. This study takes

a minimal aid approach as the device expected to be portable. Proposed sit to stand

aid device will provide support to the user at armpits. Human along with the device

are modeled as a six link mechanism in sagittal plane. The mechanism thus formed

has three degrees of freedom chosen as angle at knee, angle at hip and extension of the

device. The assumptions related to modeling of human joints in aided STS are same

as those in section 3.1.

The CL STS problem was solved using two sets of joint variables−

q = (q1(t), q2(t), q3(t), q4(t), q5(t))
T (4.1)

qb = (qb1(t), qb2(t), qb3(t), qb4(t), qb5(t))
T (4.2)

Where q1(t), q2(t), q3(t), q4(t) are space fixed angles as depicted in Fig. 4.3 and qb are

body fixed joint variables defined using DH convention as shown in Table 4.1. The DH

frames for CL mechanism are shown in Fig. 4.2.
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αi−1 ai−1 di θi
1 0 0 0 θ1
2 0 l1 0 θ2
3 0 l2 0 θ3
4 0 l34 0 θ4
5 −π

2
0 d5 0

Table 4.1: DH table for Human with device

(a) DH frames (b) Link lengths

Figure 4.2: DH frames (Human with de-
vice) Figure 4.3: Space fixed joint angles

Figure 4.1: Different supporting strategies
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4.2 Problem formulation

The trajectory optimization problem for closed loop mechanism is set up as follows

Minimize DE =

∫ T

0

(τ 23 · τ 23)dt

Subject to M (q)q̈ +C(q, q̇)q̇ +G = τ + τ c

q(t = 0) = qini

q(t = T ) = qend

η(q) = 0

τ ll ≤ τ ≤ τ ul

qll ≤ q ≤ qul

(4.3)

Where τ 23 = (τ2, τ3)
T is torque corresponding to q2(t) and q3(t). In closed loop formu-

lation, q = q(t) = (q1(t), q2(t), q3(t), q4(t), q5(t))
T , complete joint space formulations

are used for dynamics. The underlined equations are newly added to set of equations

(3.2) used for unaided STS problem. The constrained system can be solved using

methods of section 2.2.2. The formulation is done using body fixed set of coordinates

(4.2) too. It is awkward to calculate joint reactions in case of Lagrangian formulation.

Also, if the coordinates are space fixed, the power τi · q′i(t) calculated at a degree of

freedom is not the power delivered solely by the joint alone. Although the problem is

solved with both set of coordinates (4.1) & (4.2), the results corresponding to body

fixed coordinates are presented. The validation of the results requires calculation of

GRF s which are calculated only using recursive Newton-Euler formulation with body

fixed coordinates.

The discretization procedure is similar to equations (3.3). The concern here is that

the optimized solution may not evaluate the constraint η(q) = 0 at every point of time

because of the discretization. It the constraint will be valid only at finitely many points

equal to those of equality constraints put during optimization. For high accuracy one

will have to maple the constraint at large number of discrete points making the task

difficult for optimization solver.The issue is resolved if the design variables are reduced

to only the active joint variables. The passive variables are solved in terms active joint

variables at each step of optimization. However the method may fail if the path hits
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singularity at some step of optimization.

The active degrees of freedom are defined earlier in section 4.2. But, the variables

for optimization are corresponding to those of (q1(t), q2(t), q3(t))
T . As long as valid

set of q, q′ and q′′ are provided, the torques calculated are correct. The calculations

for dynamics breakdown at the Type II singularities corresponding to q = (θT ,φT )T

where θ = (θ2, θ3, d5)
T , φ = (θ1, θ4)

T and θi and φi take values qi or qbi depending

upon the method of inverse dynamics. The singularity condition in terms of space

fixed angles (Eq. (4.4)) is noted at every step of optimization through a singularity

check function during torque calculations.

k · sin(q1 − q4) = 0 (4.4)

Where k is a non zero constant.

4.3 Simulation and Validation of Results

4.3.1 Simulation parameters

The initial and final conditions for simulation were chosen by observation from exper-

iments. A typical set of values are shown in Table 4.2 and Fig. 4.4. Time for STS

motion was chosen in interval [3, 15] seconds, typical value being 5 s. An eight segment

B-spline was chosen to provide enough degree of freedom to trajectory. In CL STS

simulations, it is crucial to keep check on the pin joint assumption at the ankle as

well as the point where assistive device touches ground. Constraints on vertical GRF,

horizontal position of center of gravity were put during optimization to ensure the

correctness of the simulation.

Ini. Pos (0) Fin. Pos. (0) Ini. Velo (c/s) Fin. Velo. (c/s)

θ1 63 88 0 0

θ2 100 5 0 0

θ3 -110 -15 0 0

Table 4.2: Boundary Conditions for CL STS
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(a) Initial position (b) Final position

Figure 4.4: Boundary Conditions for aided STS

4.3.2 Results and Discussion

The joint angle variations (Fig. 4.5) are observed to be similar to that of natural sit

to stand (Fig. 3.4). Formal experiments for aided sit to stand are yet to be conducted

but, the GRF variation during aided STS is presented in section 5.2.

0 1 2 3 4 5

Time (s)

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

A
n

g
le

 (
ra

d
)

Aided STS

θ1(t) (Shank)
θ2(t) (Thigh)
θ3(t) (Trunk)

Figure 4.5: Joint angle variation
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Figure 4.6: Length (d5) of the device

The maximum knee torque is reduced by almost 40% in case of aided STS motion.

The torque variation for OL and CL STS is plotted in Fig. 4.9 and Fig 4.8 respectively.

The force corresponding to degree of freedom d5 is the most sought result. The STS

motion is almost complete by 2 s as observed from Fig. 4.6. The force in the device is

plotted in Fig. 4.10. The variation of force after 2 s is not of much importance to us,

as the device will have a locking provision on complete extension and will work as a

rigid link between shoulder and ground. Various simulations show that the horizontal
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component of GRF does not go above 2 Kg. At a load of say 20 Kg on the device,

a coefficient of friction around 0.1 should be good enough to stop the device from

slipping. The CL STS motion can be visualized with the help of animation snaps
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Figure 4.8: Joint torques for CL STS
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Figure 4.9: Joint torques for OL STS

(Fig. 4.11) captured at short time intervals. The is not enough experimental kinematic

data of aided STS to compare with the simulations. However, a experimental data of

ground reaction forces in case of both OL and CL STS is available and is compared in

next section to find out usefulness of the device.
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Figure 4.11: Aided STS Motion visualization
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Chapter 5

Device Design

5.1 Device Description

The computational model is created in order to get performance parameters of Pro-

posed device looks similar to an axillary crutch. The device assembly consists of two

main parts- frame and guide rail. The frame has elbow and forearm support with grip

for hands. It slides on a cylindrical hollow guide rail. A tension spring is attached

between guide rail and frame. The spring (Fig.5.1c) is in extended position when the

device is in compressed state. A locking mechanism is provided to lock the movement

of frame at desired position. When unlocked, the spring tries to get back to its original

state expanding the device and helping the person to stand up. The device gives back

force based on energy recovered in stand to sit motion. A proof of concept prototype

of device is manufactured. The device CAD drawings as illustrated in Fig. 5.1.

(a) Sitting (left)
& standing(right)
position (b) Isomnetric view, CAD model

(c) Schematic
representation

Figure 5.1: STS aid device
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5.2 Comparison of GRF With and Without Device

Aid

The center of gravity starts gaining height during phase two and three of unaided

STS. The spike in ground reaction (fig.5.2) occurs at the end of phase two (in which

weight is transfered from chair to the legs). The data suggests that the device reduces

spike in GRF ultimately reducing the joint torques. The device shares more than one

third of the body weight. We can observe plateau in fig.5.3 during time 2-13 s followed

by a trough and another plateau. The first plateau represents the load on legs at

sit-off without the device. As the device starts expanding, it shares the load. After

completion of motion at 20 s, the device is put away restoring the load on legs.
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Figure 5.2: Weight supported by legs
(GRF) without any aid
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Figure 5.3: Weight supported by legs
(GRF) with device in use
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Chapter 6

Conclusion and Future Scope

Natural motion of standing up from sitting upright is imitated using optimal control

theory. The study of kinematics and dynamics of the motion was constrained to sagit-

tal plane. Optimization of closed loop mechanism has a lot of pitfalls but the problem

is resolved by appropriately partitioning the set of active and passive joint variables.

The results for OL STS simulation match closely to experimental plots. STS motion

simulation with the device aid shows that the knee torque is reduce by 40%. No joint

torque is elevated creating unease to the device user.

Following avenues are open for further study

1. Inclusion of constraints on joint torques the resulting motion while minimizing

STS effort during aided STS simulations.

2. Experimental study of STS motion with different support strategies.

3. Model human in three dimensions and simulate unaided STS for the same to

simulate real life injuries.
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