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Abstract
This paper presents a methodology to obtain an optimal hip location for the placement of a patient on a rehabilita-

tion system for gait training. In this rehabilitation system, a pair of single degree of freedom four-bar linkage mechanisms 
guides the feet of the patient to move in a pattern that moves the hip and knee joints according to normal physiological gait 
pattern. The linkage mechanism can be dimensionally synthesized based on the height of a particular patient. Such a custom-
made gait training system is ideal for individual use at home. However, it is not practical for any rehabilitation centers to 
be equipped with the custom-made systems for each and every patient individually. When a rehabilitation center can only 
be equipped with systems at several nominal heights, it will be necessary to decide what range of patient heights could be 
trained with a system designed for a particular nominal height. It is therefore necessary in such a situation to determine the 
placement of a patient on a system that is not designed for his or her particular height so that the gait pattern is least affected 
by the mismatch. A methodology is developed to find an optimal hip location for a patient at a specific height to be trained 
on a gait rehabilitation system designed for a person with different nominal height. The deviation of the gait pattern is then 
analyzed for the determination of the range of patient heights that could be gait trained on a system designed for particular 
nominal height.

Keywords: Gait Generation; Optimization; Rehabilitation 
Therapy

Introduction
Some neurological disorders, including stroke, spinal cord injury, 
and neuromuscular diseases, have been associated with disorders 
in human gait. Many researchers use physical therapy to help 
regain motor function in patients with such disorders. Gait training 
with body weight support systems have been used to improve 
ambulation in patients with spinal cord injury and paraplegic 
patients with little or no muscle activation [1,2]. Conventional gait 
training done manually by physical therapists is labor intensive, 
costly, and the number of sessions nowadays are increasingly 
limited by Medical Insurance Providers.

Although physical therapists try to stay consistent in training, 
their efforts in trying to maintain the same pattern of gait motion 
training will differ from one therapy session to another. Measuring 

the treatment progress will be hard this way. Mechanical/robotic 
devices, such as Haptic Foot Device Trainers and Locomote 
systems, have been developed to provide consistent and efficient 
gait training [3-5]. Such systems cost a lot and not available in 
every rehabilitation center.

The research work in [6] describes the synthesis of a linkage 
mechanism system for Gait Pattern generation in a sagittal plane 
along with design of a motion control system. Features of this 
system includes consistent training, affordability, ability to measure 
patient’s performance, safer system, and easy of manufacturability. 
This paper introduced here first investigates the effect of using the 
gait rehabilitation system presented in [6,7] to train patients whose 
heights are different from the height that the system was designed 
for. A dimensional synthesis process of a linkage mechanism for 
gait pattern generation was introduced in [6,7]. This mechanism 
guides the user’s feet through a closed path formed with a coupler 
curve of the mechanism [8,9] to produce coordinated motion of 
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the legs joints to follow normal physiological gait pattern [10], see 
(figure 1).

Figure 1: Conceptual Design of the Linkage Mechanism [6].

Other mechanisms have also been designed for gaiting 
training and some of them were discussed in [11]. Work presented 
in [11] has not discussed how a system that is dimensionally 
synthesized for one height affects the training if used for a person 
with different height, as well as how the person should be placed 
on the system to reduce any unfavorable effects. In order to 
understand the effect of mismatched height, the work presented 
in [6, 7] is first reviewed. Followed by an analysis of the effects, 
a methodology is then developed to determine the placement 
of patients for minimizing unfavorable effects caused by the 
mismatched height. The natural kinematics constraints of the 
mechanism produce trajectories that limit the knee and hip joints’ 
Range of Motion (ROM), thus improve the gait training safety [6]. 
Each patient’s height will have his/her own corresponding set of 
mechanism dimensions. The mechanism shown in figure 1 was 
synthesized using a person average height of 1.75 meter. If another 
patient with a different height is to be trained, the approach given 
in [6] allows the designer to find a new set of dimensions for this 
specific height and adjust the linkage accordingly. This approach 
can be applied for a system designed for any other nominal height 
as the closed path or coupler curve can be scaled. This does require 
the system to be designed to be dimensionally adjustable.

For a rehabilitation center that can only be equipped with 
systems at several nominal heights, it would be desirable to be 
able to train a range of patient heights with a system designed for 
a particular nominal height, even if the system is not adjustable. 
This way, a limited set of systems can be used to train a wide range 
of patients. The research work presented here is motivated by this 
desire. It starts with one set of link dimensions designed for a 
specific height and then analyze the effect on both the hip and knee 
joints profiles when a person with different height (either taller or 

shorter) is trained. The results of the analysis will be used to find 
a solution that optimize the placement of the patient to reduce the 
effect on both the hip and knee joints profiles. With the presented 
methodology, a range of heights can be determined for a given 
limit on the effect such that the patients within the range of heights 
can still be trained with a system designed for a particular nominal 
height.

Figure 2: CAD Model of the Gait Rehabilitation System.

Effect of Mismatched Heights 
Investigating the effect of training people with heights different 
from an average value is considered first here. Using an average 
height of 1.75 m as an example to see the effect on both the hip and 
knee angle profiles. The effects are studied as two cases: 

(1) Heights higher than 1.75 m, and 

(2) Heights lower than 1.75 m.

Derivation of the Hip and Knee Angle Profiles1.1. 

We will first consider the case with heights of the patients to be 
higher (Hg) than 1.75m (Havg).  The equations for obtaining the 
hip (θH) and knee (θK) angles are derived for establishing their 
angle profiles during a gait cycle. 

The position of the ankle joint relative to the coordinate frame 
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shown in figure 3 is given from forward kinematics [7] by:
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Where xi and yi represent the coordinates of the ith point of the 51 ankle positions on the coupler curve. L1 is the length of thigh 
(from greater trochanter to knee) while L2 is the length of shank (from knee to ankle).   
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Figure 3: Model of a Person’s leg during Gait.

Re-writing the above equation, we get:                         
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Squaring each line of equation (2) to get:
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Expanding each line, we get:
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Adding the two lines and collecting terms, we get:
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Using the trigonometric identities 2 2sin cos 1q q+ =   and cos( ) cos cos sin sinA B A B A B− = + , equation (5) 
becomes:

2 2 2 2
1 1 2 , , , 2( ) ( ) 2 cos[ ( )]i H i H H i H i K ix x y y L L L Lq q q− + − = + − − +                     (6)

or

2 2 2 2
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Expressing equation (7) in terms of ,cos K iq , we get:
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which leads to:

2
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and only the positive sign should be used since 
K,

0 90
i

q° ≤ ≤ ° .

Now the hip angle can be calculated based on the geometric relation shown in the figure 4 using the following equations:

 

 

     
(10)
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Figure 4: Leg Model to find Hip Angle Profile.

Training Patients Taller than the Average Height (1.75 m)
Let us consider the situation where a four-bar mechanism 

is dimensionally synthesized for gait training of people with 
heights at 1.75 meters. Their hip joints should be placed at certain 
coordinates (xH, yH) with respect to the global system or the base 
frame. The resulted coupler curve for guiding them foots is formed 
by points with coordinates (xi, yi) corresponding to the height of 
1.75 meter. Considering placing a person of a height greater than 
1.75 meter at the same hip location (xH, yH) and using the same 
four-bar mechanism and the same coupler curve, study of the 
effects on the hip and knee joints angle profiles is needed.

According to [12], the two leg lengths can have related to a Person’s 
total height as follows: 

1 0.245 AvgL H=   (11)

2 0.246 AvgL H=   (12)

Since the total height will affect both L1 and L2, this 
difference in heights will change the values of angles calculated 
with equations (8), (9), and (10).

Consider a height greater (Hg) than 1.75 meter (Havg). Since Hg > 
Havg, we can write:

*g AvgH h H= ∆                (13)

Where h∆  will be greater than one since Hg > Havg. For example, if 

Hg =1.8 m, then
 

h∆ =1.02857.

The lengths of leg segments correspond to height Hg are as 
follows:  

1 0.245g gL H=   (14)

2 0.246g gL H=   (15)

Substituting equation (13) in each of equations (14) and (15), we 
get:

1 0.245* *g AvgL h H= ∆  (16)

2 0.246* *g AvgL h H= ∆  (17)

Equations (16) and (17) can be re-written using equations (11) and 
(12) as follows:

1 1*gL h L= ∆    (18)

2 2*gL h L= ∆    (19)

Since Hg > Havg, then h∆  is greater than one, and from 
equations (18) and (19), we can see that L1g is greater than L1 and 
L2g is greater than L2. The relationships between these lengths are 
shown in figure 5.

Figure 5: Relationship between L1 and L1g, L2 and L2g.

As mentioned earlier, we want to study the effects on the hip 
and knee joint angles if a patient having a height of Hg is placed 
at the same hip location (xH,yH) and using the same four-bar 
mechanism (same coupler curve (xi, yi)). The results of equation 
(8) can be used (since it’s have the same derivation) to study the 
effects of having larger leg length segments (L1g and L2g) and see 
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what the new hip and knee joint profiles would be, namely, θHg and go, which are shown in figure 6. 

Figure 6: Hip and Knee Joint Angles for a person with Hg > Havg.Similarly, the relationship for the new knee angle, θKg can be derived as follows. 
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The sum of the first two terms in the numerator expression represents the square of the distance between the hip location (xH, yH) 
and the current foot location (xi, yi). We will call this distance “di”, shown in figure 7.

 

Figure 7:  Definition of distance di.

Re-writing equation (20), we get:
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Note that for each foot (ankle) location (xi,yi), the distance “di” will 

differ, and thus  will also differ. Using equations (18) 
and (19), we can write equation (21) as:

2 2 2
1 2

,
1 2

( * ) ( * )cos
2( * )( * )

i
Kg i

d h L h L
h L h L

q
− ∆ − ∆

=
∆ ∆

      (22)

Dividing each of the numerator and the denominator by 2h∆ , we 
get: 

2
2 2
1 22
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1 2
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d L L
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L L
q

− −
∆=    (23)

Comparing equation (23) with equation (8), we see that 
the net effect of training someone with a height of Hg using the 
same hip location and the same four bar mechanism results 
in dividing the first term in the numerator expression of equation 

(8) by 2h∆ . Since 2h∆  is greater than one, then the first term in 
the numerator expression of equation (23) will become smaller 
than the corresponding term in equation (8) and this will decrease 
the value of the cosine which will affect also the sine of the knee 
angle.

Similarly, equation 9 can rewritten as:

2
, ,sin 1 cosKg i Kg iq q= −     (24)

According to equation (24), the decreased value of the cosine 
will increase the corresponding value of the sine, which means that 
the corresponding knee angle (θKg) will increase.  An increase in 
the knee angle will apply to all the foot locations. Thus, if we want 
to train a patient with a height greater than 1.75 meter using the 
same hip location and the same four bar mechanism, the net effect 

is that all the knee angles will be greater than those produced by 
the average height of 1.75 m.  

Through an inverse kinematics analysis performed using a 
height of 1.8 meter as an example, the effect can be shown clearly 
in figure 8, as compared with the information on the hip and knee 
angles from the Clinical Gait Analysis Normative Gait Database 
[13]. Those values of the hip and knee angles are normalized 
during the gait cycle at 2% intervals. The average values were plot 
along with the standard deviated values. The curve that results 
from this inverse kinematics analysis is labeled as “Knee Angles 
from 4-Bar” in figure 8. The inverse kinematics results agree with 
the conclusion; that is the knee angles for 1.8 meter will be greater 
than those for 1.75 meter during the entire gait cycle.

Figure 8: Comparing the New Ankle Angle Profile with the Knee Gait 
Data.

The effect on the corresponding hip angles can be studied in 
a similar way. The new hip angle that corresponds to a height Hg 
can be obtained as follows:

  

     (25)

Again, using equations (18) and (19) and substituting them in equation (25), we get:

2 ,1 1
,

1 2 ,

* sin( )
tan tan

* * cos( )
Kg i i H

Hg i
Kg i i H

h L x x
h L h L y y

q
q

q
− −
 ∆ ×  −

= +    ∆ + ∆ × −         (26)



Citation: Manna YA, Ji Z (2018) Optimization of Hip Location for Training Patients of Different Heights using One Gait Generation Mechanism. J Tissue Cult Bio Bio-
eng: JTCB-107. DOI: 10.29011/JTCB-107. 000007

8 Volume 2018; Issue 02

Cancelling out h∆  from the numerator and the denominator, we get:

2 ,1 1
,

1 2 ,

sin( )
tan tan

cos( )
Kg i i H

Hg i
Kg i i H

L x x
L L y y

q
q

q
− −
 ×  −

= +    + × −        (27)

The second term in equation (27) is not affected by the lengths for the same hip and foot (ankle) locations. We know from 

equations (23) and (24) that height Hg would increase  and decrease . These changes will increase the fraction in the 
first term of equation (27) which will increase θHg, i. The same inverse kinematics analysis used to find the knee angle values was used to 
find the corresponding hip angles and the results also show greater hip angles, as expected, see Figure 9.

Figure 9: Resulted Hip Angle Profile Compared to Hip Gait Data.

The resulted conclusions make sense since training someone taller at the same hip location will cause the person to adjust by 
increasing both hip and knee angles to reach the same foot location that was used by a person whose height is 1.75 meter, as shown in 
figure 5. 

To reduce these effects so that the hip and knee angles become closer to the average values from the Gait data, the hip location 
must be adjusted. Let us take a closer look at the previous equations.

In equation (21), we defined:

                      (28)

A figure that shows how the square of the distance variable ( ) profile looks for one cycle for a height of 1.75 meter is shown in figure 
10.
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Figure 10: Square of the Distance Variable (di
2) Profile for One Cycle for a Height of 1.75.

It was shown earlier in equation (23) that the net effect of using Hg would be to divide the first term in the numerator in the right-
side expression of equation (23) (shown again below) by .

If we have a height Havg (1.75 m), then . But since we have Hg, then  and the whole numerator expression will 
decrease. To make the value of the ratio of equation (23) be equal to that of equation (8) for the same ith location, we need to increase 
the value of  with a certain value. This increase can be done by referring to equation (28) where we can increase either the value of 
xH, YH, or both for the same ith location. In other words, to fix (by lowering) the hip and knee profiles, we need to find a new location 
for the hip joint in the base frame. We will define this new distance as , defined by the below equation and also shown in the figure 
11 along with a new hip location (xH_n, YH_n).

                 (29)

Figure 11: Definition of new distance di_n along with the new Hip Joint Location.
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At a new hip location,  can be expressed as:

                   (30)

If we want equation (30) to be equal to equation (8) (i.e. we have the same cosine of the knee angle for the same ith location), then 

the ratio of  to  should be made equal to the original , see equation (31).

                                                                                      (31)   

Substituting equation (29) in equation (31) and re-arranging terms, we get

                                                                           (32)

      

This represents 51 equations with two variables: xH_n and YH_n. We can assign one value for one variable (YH_n for example) and 
solve for the other variable; XH_n. It can be seen that we have infinite number of choices for the value of the YH_n variable. The resulting 
equation will be quadratic in XH_n and so, we will have two solutions for XH_n for each YH_n. The suitable solution will be chosen. 

Expanding equation (32) to get:

     (33)

  

Note that this over all process of solving for the new hip location depends on our choice of selecting a value for from figure 8, 
i.e., the hip location is solved based on one certain ith location. Since we have 50 unique locations in total, there are 50 choices for  to 
choose from. However, only one location is needed to be chosen since we seek only one new location for the hip joint. While this choice, 
as will be shown, will be suitable for that ith location, it will not be suitable for all values, i.e., the hip and knee angles at other locations 
will not be controlled, as will be shown later.

 If we choose the first value of from figure 10 and we choose (assign) a value for YH_n, where we will shift it up by 0.02 meters, 
then, solving equation (33) for XH_n would result in a shifted value of the hip by 0.0156 meters to the left. Originally, the hip location 
in the base frame had the coordinates of (0.8426, 0.4520) meters, and the new required location of the hip would be (0.82703, 0.4720) 
meters. However, it should have mentioned that there is a limit to how far the hip can be shifted in the vertical direction as the solution 
for inverse kinematics of the hip and knee angles puts a constraint on this. In other words, the foot needs to be close to the coupler curve 
and not be shifted up too much. Figure 12 shows the square of the new distance  using the above new hip location.
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Figure 12: The Square of the new Distance  using the new Hip Location

The values in this figure must be divided by  (see equation (31)) and the new vector is called . This vector is compared 
with the original  (from figure 10) in figure 13. The resulted hip and knee profiles are also shown in the figure.

Figure 13: Comparing the resulted Hip and Knee Profiles when placed at a new Hip Location matching at first index.

The goal here, as can be seen from equation 31, is to make the ratio on the left side equal to that of the right side for a given ith 

location. Since the first location was chosen as an example, we can see that the two curves and  in figure 13 are exactly equal at 
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the first location (index one) as they were forced to be equal. However, we do not have a control over the other values. A closer look at 

the same figure shows that around 20% of the gait cycle, the  curve starts to deviate from the curve and this continues till they 
meet again around 90%. This is reflected on the hip and the knee profiles as can be shown in figure 13. The joints profiles using the new 
location will also start to deviate (around 20%) and meet again (around 90%).

Examining the two curves and  in figure 13, we can see that the values for  actually decrease starting around 20%. This 
decrease will cause the expression in equation (30) to be less than what it should be and this will make the knee angle increase, as can 
be seen in the knee profile in figure 13. 

The same argument applies to the hip profile as an increase is noticed in the values between around 20% till 90% of the gait cycle. 

Thus, if we are able to make the  curve closer to the  curve, the resulted hip and knee profiles will get closer to the desired values. 
Choosing a different vertical offset distance for the hip like +0.01 meters (shift hip upward) would result in the need to shift the hip in the 

horizontal direction by -0.03662 meters (shift hip to the left). Figure 14 below shows the resulted  curve compared to the
, and the resulted hip and knee profiles. 

Figure 14: The resulted Hip and Knee Profiles when placed at a different Hip Location matching at first index.

It can be seen that because of the larger deviation of curve compared to the deviation in figure 13, the resulted hip 

and knee profiles have more deviations than those in figure 13. Note that this analysis is done so  and  curves still 
intersect at the first location in the gait cycle (i.e.: first index). Another location can be chosen in the gait cycle to make 

and  curves intersect, for example, at 50 % of the gait cycle. A choice of a vertical offset of 0.02 meters is made, and 
the resulted horizontal shift is found to be 0.01745 meters. The resulted hip and knee angle profiles are shown below.
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Figure 15: The resulted Hip & Knee Profiles when placed at a different Hip Location matching the 50th index.

The and  curves intersect at 50% of the gait cycle (as expected) and they deviate in the regions between 0% and 
40% and also at the end of the gait cycle and this is reflected on both the joints profiles. It is worth to mention that deviations in the knee 
joint profile will be more visible and noticeable than in the hip and joint profiles as equations (30) and (31) are related to the cosine of 

the knee joint profile. The better that matching of and  curves is, the better the knee joint profile is, and vice versa. This can be 
seen in all cases.

Another location is chosen to where and  curves intersect, 34% of the gait cycle. The result is shown in the left of figure 16. 

For this case however, the values of   curve start to increase in the interval between 34% and till around 48% of the gait cycle. These 
large values cause the cosine in equation (30) to be larger than one for any point in this interval. The inverse kinematics analysis will not 
be able to solve the corresponding hip and knee angles; as the cosine of any angle should be only between -1 and 1. By going back to 
figure 11, this means we have large distance requirements for this interval and the ankle joint (foot) will not be able to reach the coupler 
curve. Several values for the vertical shift were tested and all gave same result as above. As another example, the two curves are made 
to intersect at 20% and the result is shown on the right of figure 16. Also, here, there were values where the inverse kinematics analysis 
was not able to solve the corresponding hip and knee angles. This means that we cannot have a solution at any index.
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Figure 16: Matching and at indexes 20% and 34%.

It is noted that whenever at least one value of  vector is 
larger than the maximum value of curve, an inverse kinematics 
solution cannot be solved. By referring to equation (30), this means 
that the value of the cosine of the knee angle is greater than one 
and thus the inverse kinematics cannot be solved.

Instead of choosing both an arbitrary value for YH_n and an 

index (to make and  curves intersect) 
and then solve for XH_n, an optimization process can be performed 

to choose an optimal hip location (for each h∆ ) such that this 
location will minimize the distance between the two curves. The 
optimization process can be done using the least square method 
[14], [15], and [16] which will minimize the square of the distance 

between the two curves for a given h∆ . 

First an objective function is needed. By referring back to equations 
(31) and (32), the objective function is defined below:

        (34)

This nonlinear objecting function is to be minimized. Note 
that each of xi, yi and di, is a vector of size 51 elements. Note also that 

the optimal hip location (XH_n, YH_n) will correspond to a certain
h∆ . If we have a different h∆  (a patient with a different height), 

then we need to perform the optimization process again to find the 

optimal hip location that corresponds to this h∆ .

The nonlinear optimization process can be implemented in 
MATLAB using the function LSQNONLIN which solves nonlinear 
optimization problems. An initial guess is needed as an input 
for this function. A code in MATLAB is written and the needed 
vectors: xi, yi and di are passed to the function LSQNONLIN. The 

current h∆  along with an initial guess need to be passed also to the 

function LSQNONLIN. As a check, if h∆  is set to one (we have 
a height of 1.75 meters), then the code should return the original 
location (0.8426 m, 0.4520 m), which it does.

In the next figures, the results of the optimization process for 

different heights (or different h∆ ) are shown. For example, for Hg 
= 1.8 meters, the optimal hip location is: (0.8415 m, 0.4770 m). 
Note that there is a vertical shift to compensate for the increase in 

the height. A comparison of two curves and  along 
with the resulted hip and knee profiles are shown in figure 17. 
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Figure 17: The resulted ,, hip & knee profiles using the Optimization Process for Hg = 1.8 meters.

It is noted that  curve is following  curve much better than all the previous cases shown in figures 12 through 16, which is 
also reflected well on the resulted hip and knee joints profiles.  For Hg = 1.9 meters, the optimal hip location is: (0.8391 m, 0.5267 m). A 

comparison of the and  curves along with the resulted hip and knee profiles are shown in figure 18.
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Figure 18:  The resulted , , hip & knee profiles using the Optimization Process for Hg = 1.9 meters.

For Hg = 2 meters, the optimal hip location is: (0.8363 m, 0.5762 m), and the corresponding figures are shown in figure 19.

Figure 19: The resulted ,, hip & knee profiles using the Optimization Process for = 2 meters.
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The effect of the deviation of the  curve from the  curve at the start and end of the gait cycle and around 45 % of the gait 
cycle is reflected in the knee joints profile. The hip joint profile is less sensitive than the knee joint profile for such deviations; a fact 
that can be checked in all previous figures.  For Hg = 2.2 meters, the optimal hip location is: (0.8298 m, 0.6746 m). A comparison of the

and  curves along with the resulted hip and knee profiles is shown in figure 20.

Figure 20: The resulted ,, hip & knee profiles using the Optimization Process for  = 2 meters.
Training Patients Shorter than the Average Height (1.75 m)

All of the previous cases were derived for a height of a person that is greater than the average height (1.75 m). The optimization 
process should now be applied for heights less than 1.75 meters to find an optimal hip location. These heights will be represented by Hs.

For = 1.65 meters, the optimal hip location can be found with the same optimization procedure as (0.8445 m, 0.4020 m). The 
resulted squared distance between hip joint and ankle joint is referred to as A comparison of the and curves is shown in the 
left plot in . It can be seen from the figure that there are certain points where values of the  are greater than the maximum 
of the curve, specifically around 1% and 50% of the gait cycle. Since these points are near the inverse kinematics singularity, inverse 
kinematics cannot be performed at some of these points if the hip is placed at the calculated optimal hip location. The same problem can 
also be seen in the case of Hs =1.55 meters, as shown in the right plot in figure 21. Since this produces unreachable coupler points, the 
optimization procedure must be revised to find alternative objective function.
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Figure 21: The resulted ,, hip & knee profiles using the Optimization Process for Hs = 1.65 and 1.55 meter

Since the objective function is nonlinear in terms of the hip locations coordinates: XH_n  and YH_n, the weighted least squares 
principle [17] for nonlinear systems is proposed where weights are applied around critical locations to make the error smaller compared 
to the unweighted locations. In the case of figure 21, weights can be applied around 1% and 50% of the gait cycle to try to make the  
curve closer to the  curve. 

Since the equations are nonlinear, the procedure requires an initial guess for the hip location. Adjustments [17] to the initial guess 
will be calculated using:

                            (35)

 And then these adjustments are added to the initial guess hip location and iteration is repeated till the adjustments converge to 
some chosen value. A value of 10-15 is chosen. The matrices in equation (35) are defined in [17] as follows:

 is a vector that has adjustments (dXH_n  and dYH_n) to the unknowns XH_n  and YH_n. 

J is the Jacobian Matrix which contains the coefficients of the linearized observation equations [17].

JT is the transpose of the Jacobian matrix.

 is a vector that has the residuals. 

The matrices are defined below.

               , ,   

Note “m” is 51 and the objective function Fi is evaluated from equation (34) at each xi and yi, for i = 1 to 51. The Jacobian matrix contains the 
partial derivatives of the objective function Fi with respect to the variables XH_n  and YH_n. Specifically, the Jacobian matrix is written as follows:
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                             (36)   

And the residual matrix is written as follows:

In figure 21, locations around 1% and 50% had values that caused the singularity in inverse kinematics therefore insolvable. 
After applying weights at these locations, the values at these locations become lower as seen in figure 22 for Hs=1.55m. Optimal 
hip location using the appropriate weights is found to be (0.8480 m, 0.346 m). Figure 22 also shows the resulted hip and knee joints 
profiles.

Figure 22: The weighted least squares result for Hs=1.55m.

(37) 
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For Hs =1.65 m, the resulted curves after applying weights are shown in figure 23.

Figure 23: The weighted least squares result for Hs=1.65m.

It is noted that as the height gets closer to 1.75 meters, the 
solution of the curve will produce better hip and knee joints profiles. 
For example, the joints profiles in figure 23 for Hs = 1.65 m are 
much better than the joints profiles in figure 22 for Hs = 1.55 m.

Conclusion 
The research work presented here allows adjustments by 

finding an optimal hip location for a person whose height is different 
from what a gait generation mechanism was originally designed 
for. This will allow rehabilitation centers to have few number of 
mechanisms but still be able to train persons in a wide range of 
heights. The ranges shown here were just examples to show that 
the methodology works. The methodology is developed through an 
exemplary mechanism designed for training a person whose height 
is 1.75 meters. With the presented optimization procedure, it was 
shown how the optimal hip locations can be obtained for heights 
from 1.55 meters to 1.95 meters (as examples), but more research 
work will be needed to choose the range of heights that can be 
trained with a height like 1.75 meters, for example. If another 
mechanism is designed for a height of, let us say 1.35 meters, then 
it could be used to cover certain range of heights as 1.15 m to 1.55 
meters and so on. Future research of this work would also involve 

designing physically the way by which the patient’s hip can be 
positioned and moved to the optimal hip location calculated by the 
methodology shown here. 
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