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A b s t r a c t  

We propose a safety-optimizing method for safety strate- 
gies of human-care robots using our danger evaluation 
method. First, various safety evaluation methods are dis- 
cussed, and an optimizing method of safety design is pro- 
posed. Second, we make a comparative study of two general 
safety control methods, and then a method of optimizing 
robot control is proposed. These proposed methods enable us 
to optimally distribute cost among several safety strategies, 
and to derive suitable approaching motion of a multi-link 
manipulator to a human. The validity and effectiveness of 
these methods are demonstrated by numerical analysis. As 
a result, the design and control to increase safety are suc- 
cessfully obtained. 

1 I n t r o d u c t i o n  

Many types of human-care robots have been developed 
in the world. These robots work around humans, so safety 
is a top priority. But conventional safety strategies are 
applicable not to human-care robots but to industrial ones, 
and so repeated trials and errors must be used. Efficient 
methods are required for designing safe human-care robots. 

We have already proposed a new type of safety evaluation 
method and defined several evaluation indexes such as a 
danger index, improvement rate, and total evaluation index 
[i] [2]. Discussions of general safety strategies have proven 
the viability of our safety evaluation method. 

In this paper,, we propose a general method of optimiz- 
ing the safety design and control strategies for human- 
care robots. We solve a suitable combination of safety de- 
sign methods and study optimization of safely controlling 
a multi-link manipulator. 

2 Discussion of various safe evaluat ion m e t h o d s  

Technology for nursing a human by a human-care robot 
is inconsistent with safeguarding people against robots. For 
example, a high-power actuator is necessary for holding 
people, but it can produce a fatal impact force. If a safe dis- 
tance is kept, the robot can't care for the person. Therefore 
it is important to evaluate safety strategies and harmonize 
care with safety by robot design and control. 

International safety standards have defined safety as 
"freedom from unacceptable risk of harm, " and thus esti- 
mate only the risk of harm [3] [4]. This estimation method 
lacks a quantitative basis because it relies on the use of in- 
sufficiently provable data. It is hard to accurately describe 
differences among safety methods. 

Other safety evaluation methods have been studied, such 
as calculating consumed kinetic energy by braking [5], de- 
creased impact force by compliance control [6] and dynam- 
ics of robot motion. These methods can analyze only spe- 
cific safety strategies in detail, and cannot investigate other 
ones nor safety strategies. 

In this paper, we do not calculate the risk of safety sepa- 
rately but evaluate and optimize the methods comprehen- 
sively. 

The concept of the danger evaluation method that we 
have already proposed [1] [2] is described below. 

First, we select a suitable physical parameter as an eval- 
uation measure, which can express the degree of danger 
factor. In the case of mechanical injury at a collision ac- 
cident, the shock depends on impact force, and the scar 
depends on impact stress. In our study, we considered the 
impact force as an evaluation measure. Next, we define the 
critical impact force Fc as the minimal impact force that 
causes injury to a human upon collision with a body part. 
We define the danger index (~ as the producible impact force 
F of a robot against Fc in eq.(1). 

F 
~ =  (~>0) (~) F~ 

is dimensionless quantity, so it is possible to express the 
safety of various design and control methods on the same 
scale. 

The total danger index of the whole robot aaU is ex- 
pressed by the multiplication shown in eq.(2), where n is 
the total number of safety methods and i is the number 
of safety strategies. So this equation enables us to totally 
evaluate plural safety methods. 

n 

- I] (2) 
i=I 

Defining the impact force and the danger index before 
improvement as F0 and a0 respectively, the improvement 
rate U can be calculated by the ratio of the two. 

ao FoF~ Fo T-,-'~ ao 
- -g  - Pc F = ~-  ~ z  - I I -  (3) ?'~.= OZi 

In eq.(3) Fc is canceled, so we can simply compare the 
safety strategies before and after. 

Therefore, our danger evaluation method enables us to 
estimate the danger of each safety method quantitatively. 

3 P ropos a l  of design op t imiza t ion  and prac t ica l  
examples  

This section proposes a design optimization using our 
danger evaluation method, which used to be done empiri- 
cally in general. 

3.1 Formulating the optimization method 

First, we calculate the cost performance of safety meth- 
ods. When a safety method i(i, 2,... ,n) costs Ay i and 
increases the improvement rate/kr]i, then the improvement 
rate for cost @ is expressed as eq.(4). 

¢ ~ -  Ay~ (4) 

Improvement rate ~]i of safety method i is expressed as 
eq.(5), which is incresed improvement rate (invested cost y~ 
times ¢i) plus 1 (initial). 1 (initial) means a improvement 
rate before improving. 

~]i = 1 + Yi@ (5) 
Practical examples of optimizing the cost distribution are 

maximizing safety under fixed cost and minimizing total 
cost under fixed safety. These examples use three safety 
methods, which are decreasing weight, modifying shape and 

1991



protective surfacing. The improvement rate per unit cost of 
each method is derived by our danger evaluation method. 

The safety method of decreasing weight by replacing the 
stainless steel of a robot arm (100xS0x300[mm], ps~ = 
7.87[g/cm3]) by duralumin (Pdur -- 2.80[g/cm3]) is as fol- 
lows. Danger index can be expressed as eq.(6)[1], and im- 
provement rate is derived by eq.(7), 

m a  
- ( 6 )  

ao p ~ V a  F~ 7.87 _ 2.81 (7) 
a Fc PdurVa 2.80 

where V is volume of material, a is acceleration at a 
collision. 

The cost is $364, which consists of material expense of 
$64 plus wages of $300. The increase in improvement rate 
is the value giving by eq.(7) minus the initial value of one. 
As a result, the improvement rate per cost is expressed as 
eq.(8). 

2.81- 1 
¢weight  = 364 = 0.005 (8) 

By modifying the shape by planing off the four cor- 
ners (R5), we obtain ¢shap~ = 0.0034(AUshap~ = 
0.67, Aysh~pe -- $200). A protective surfacing of soft ma- 
terial ( t h i c k n e s s :  lO[mm] ,E  - 5.0[Mpa],4 sides)  gives 
C s u r f a c e  - -  O . O 1 5 4 ( / k ~ T s u r f a c e  - -  2.16, A Y s u r f a c  e = $140). 

Table i shows the improvement rates per cost. Practical 
examples of optimizing the cost distribution can be solved 
by using these values. 

3.2 M a x i m i z i n g  safety u n d e r  fixed cost 

This section solves maximizing safety under fixed cost. 
The optimized cost distribution is obtained by satisfying 

total improvement rate Tv ~ m a x  (eq.(9))and total cost 
Y - const  (eq.(10). 

Tn - (1 + Y~¢1)" (1 + Y~¢2)""" (1 + y~¢~) " m a x  (9) 

y~ + y~ + . . .  + y* -- Y • const  

If the total cost of improving one robot arm is $500, each 
cost can be obtained by substituting the improvement rate 
per unit cost shown in Table 1 for eq.(9) and Y - $500 
for eq.(10). The result is shown in Table 2, safety can be 
improved 9.76 times by distributing $500 among decreas- 
ing weight $227.05, modifying shape $132.95 and protective 
surfacing $140.00, specifically, replacing 62% iron with du- 
ralumin, chamfering 66% of corners and covering 100% of 
surface with rubber. As a result, it is possible to quantita- 
tively determine the enforcement percentages of the safety 
method. 

Table 1 The ratio of increasing safety per the cost 

design method At] y[dollars]$ ¢ 

weight (Fe--~ Duralumin) 1.81 364.00 0.005 
shape (chamfering) 0.67 200.00 0.0034 

surface (rubber) 2.16 140.00 0.0154 

t a piece of arm (100x80x300) 

Table 2 The optimized cost of each safety strategy 
(Maximizing safety under fixed cost) 

design method cost[dollars] executing rate[%] 

weight 227.05 62 
shape 132.95 66 
surface 140.00 i00 

total improvement rate 9.76 

Table 3 The optimized cost of each safety strategy 
(Minimizing total cost under fixed safety) 

design method cost[dollars] executing rate[%] 

weight 272.40 74 
shape 179.00 89 

surface 140.00 100 

total cost 591.40[dollars] 

Another combination, such as decreasing weight $360.00 
(98%) and protective surfacing $140.00 (100%) can increase 
safety 8.85 times, or decreasing weight $300.00 (83%) and 
modifying shape $140.00 (i00%) can increase safety 3.91 
times. These results clarify that the combination in Table 
1 is the best optimized cost distribution. 

3.3 Min imiz ing  to t a l  cost unde r  fixed safety 

This section describes how to minimize the total cost 
under fixed safety. Minimum total cost can be obtained 
by Y ~ rain (eq.(ll)), T~ - const(eq.(12)) .  

n 

Y -- E y*" rain (11) 
i - - 1  

n 

r ,  - I I ( 1  + • (12) 
i - - 1  

Table 3 shows the calculation result, where the improve- 
ment rate is 12. Total cost $591.40 can realize an improve- 
ment rate of 12 by $272.40 for decreasing weight (executing 
rate: 74%), $179.00 for modifying shape (89%) and $140.00 
for protective surfacing (100%). A combination of decreas- 
ing weight and protective surfacing costs $700.00, whereas 
another combination of modifying shape and protective sur- 
facing costs $963.52 

As a result, this method enables us to quantitatively op- 
timize safety design methods while considering cost and 
makes it easy to execute them efficiently. 

4 D e v e l o p m e n t  of a lgo r i t hm for op t imiz ing  control  

This chapter describes optimization and formulation for 
safety path planning of a multi-link manipulator. 

4.1 S t u d y  of op t imiza t ion  m e t h o d  and fo rmula t ion  
of safety  p a t h  p lann ing  

Generally speaking, there are the following methods of 
optimizing robot motion using danger evaluation. 

i. Minimizing the greatest danger index 

2. Minimizing the total amount of danger index 
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Method 1 optimizes the whole robot motion so that the 
greatest danger index is minimized (eq.(13)), for example 
smoothing the whole danger indexes, dividing them equally 
and so on. 

~ o ~ ( t )  -~  . ~ i ~  0 < t < T (~3) 

Method 2 optimizes the whole robot motion so that the 
total amount of danger index is minimized (eq.(14)). 

f ~(t)dt ~ ,~in 0 t < T (~a) < 

Method 1 can keep the greatest danger index low, but 
may increase total danger. Method 2 is the exact opposite 
of method 1, and safer, providing for the most dangerous 
situation or keeping the whole danger uniform. This prob- 
lem often divides researchers in opinion. 

The authors have already studied an optimization 
method called "sequential search " , which calculates the 
danger index sequentially and determines only the next mo- 
tion each time [7]. Fig.1 shows the concept of the method. 
We use the approach motion of a multi-link manipulator 
to describe the method. Danger-minimized tip movement 
Ap toward goal point P-o~Z is calculated each time. Specif- 
ically, the area of Ap is i'imited so that the tip reaches P~oaZ 
finally (fan-shaped area shown in Fig.l), Ap~ below the tar- 
get danger index is selected, and danger-minimized tip path 
P(t) can be obtained by connecting all Ap~. 

t 

P(t )  - Po + ~ ~ 
~=1 ( ~ )  . 

( P ( 0 )  - P0,  P ( T )  - Pgoa~, 
~(P(i), AP,) < ~=o~) 

The obtained results are shown in Fig.2. The right fig- 
ure shows the time-space danger chart, in which all danger 
indexes are plotted on time and space axes [2]. The circle 
indicates c~* - F*/F~ - i. When the danger index crosses 
over the line, it means that the robot will always injure the 
human. The results suggest that a safety tip path has been 
obtained, for which danger indexes are below I. But the 
path requires a big revision at the end of approaching, and 
so travel time is increased because the tip goes a long way 
round to reduce the danger indexes. This method calcu- 
lates only the next step, so it is impossible to predict the 
whole motion. 

This section studies a) minimizing the greatest danger 
index, and b) minimizing the total amount of danger index 
for optimizing overall motion. 

We quantitatively analyze optimization of the approach- 
ing path. Danger indexes are calculated by assuming that 
a human does not move. Fig.3 shows the model used for 
analysis. The tip of the manipulator is regarded as a ma- 
terial point. The human is stationed at the origin of the 
coordinate axes. The position of the tip is (x,y), velocity 
of the tip is v, and the relative velocity and distance be- 
tween the human and tip are Vh, 1. Control parameters for 
optimization are v, 1. 

The authors have already derived equations of danger in- 
dexes [2]. But in order to analyze these two methods quanti- 
tatively, this section uses the approximate equation eq.(16), 
in which the danger index is proportional to relative veloc- 
ity Vh and inversely proportional to distance I. 

F mavhdt/1 ~ (~>0) (~6) 

Eq.(16) can be explained by using the geometry of Fig.3. 
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Fig.2 Safety approach with sequential path calculation 
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Fig.4 Approaching path under decreasing maximum danger 
index condition 

_ ~ cos(0  - 9)  -- k ~ + yy' (17) 
1 X 2 + y2 

We investigate these two optimization methods by use of 
¢q.(17). 

4.2 Min imiz ing  the  g rea t e s t  dange r  index  

This section examines the optimization method, "Mini- 
mizing the greatest danger index. " Overall danger indexes 
are averaged for suppressing instantaneous increase of dan- 
ger. 

First, danger index eq.(17) is defined as a constant. 
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x + yyl 
x 2 + y 2  = A  "const (18) 

x 2 +  y2 in eq.(18) is replaced with u, then both sides 
are differentiated by x, tha is 2x + 2yy' = u ~. Eq.(18) is 
explained by use of the differentiated equation. 

u' 1 du 
2u = A ~ 2A u = dx (19) 

Variables in eq.(19) are separated, then the equation of 
tip path can be obtained by integrating the both sides. 

X 2 _~_ y2 --__ e2A(x+C) (20) 

Next we consider the example of optimizing the tip mo- 
tion of a manipulator. The tip approaches 20[cm] in front 
of a human from the point (80,100) [am], and the travel time 
is 3[s]. Eq.(20) calculates the tip path that can arrive at 
(0,20)[am] and A is minimum. 

The obtained path, danger indexes and velocity of tip 
are shown in Fig.4. The danger index when the tip ap- 
proaches the goal directly is 1.11, but the obtained one is 
only 0.462. Thus, the danger is halved by optimizing the 
tip path. However, the tip velocity is increased just before 
the goal (t = 2.7[s]) in order to keep danger index constant. 

4.3 Min imiz ing  t he  t o t a l  a m o u n t  of dange r  index 

This section calculates the tip path for which the total 
amount of danger index is minimum. The aim is to re- 
duce overall danger. The solution is obtained by calculus 
of variations. For minimizing the total amount of danger in- 
dox(eq (21)), it is  ecess  y to s ti fy tho 
eq. ( 22) 

/ /x+yy'x 2 + 
adt - k y----~dx ~ min  (21) 

Oa d ( Oa I ky'(x2 - y 2) 
Oy dt  ~ - 0 --~ (x 2 _~_ y2)2 z 0 (22) 

The equation of the tip path obtained from eq.(22) is as 
follows" 

dy (23) 

A human is stationed at the origin of the coordinate 
axes, so eq.(231 is the most dangerous path because the 
tip approaches the human directly, namely it is the maxi- 
mum solution. It seems that there is no minimum solution 
in eq. (23) because many non-danger solutions exist, which 
have no relative velocity between the human and tip and 
which do not reach the goal. 

To derive a minimum solution, it is necessary to consider 
some boundary conditions and equations, but this makes it 
complicated and difficult to derive an equation of path. 

The authors propose a new solution method as shown in 
Fig.5, which subdivides the working area, sets up passing 
points at each time and calculates the safety-optimized ap- 
proach path. The curvatures of arcs are adjusted so as to 
leave a space between each point. 

In order to derive the solution, we choose discrete dy- 
namic programming because the danger index is related 
not with the course but with only the position and the vec- 
tor of movement. We considered the total danger indexes 
as an objective functional, time interval for dividing path 
as time step for the calculation. 

ti 

°0 8 

tn-1 

rt 

Fig.5 Subdividing motion area for minimizing the sum of 
danger index 

[cm] 
12o 

1 Danger- index . . . . . . .  Velocity 100 

x 
0.8 80 "~  

.~ .~. 
0.6 , . -  . . . . . . . . . . . . . .  60 >, .'~_ 

,--c~ 0.4 , , " " ' " ' "  " ' - '" ' ,  40 ~° 

O 0.2 / ", 20 > 

o o 
20 40 so ao loo Iota] 0 1 2 3 

T i m e [ s ]  

Fig.6 Approaching path optimized by minimizing the sum 
of danger index 

The merits of this calculation are (1) the solution can 
be absolutely obtained, (2) the travel time and area can be 
easily changed, and (3), the equation for calculating danger 
index can be easily replaced. 

For example, by using the above method, we calculate 
the optimum path when the tip comes close to (0,20)[am] 
from (80,100)[cm]. The results are shown in Fig.6. The 
average danger index is 0.352, which is less than the result 
in Fig. 4, but the maximum is 0.690. 

The characteristics of the two methods of optimizing path 
are as follows: 

Method i: Minimizing the greatest danger index 

- Optimum path that minimizes the greatest danger in- 
dex 

- local maximum velocity 

Method 2: Minimizing the total amount of danger index 

-Optimum path that minimizes the total amount of 
danger index 

- Local maximum danger index 

5 A new m e t h o d  of ca lcula te  a safe a p p r o a c h  mo- 
t ion 

This chapter proposes a new method for calculating a safe 
approach motion with reference to the results of the above 
section. The new method minimizes the total amount of 
danger index (method 21 considering the allowable danger 
index. This method chooses a safe path for which all danger 
indexes are below the allowable danger index. The aim is 
to prevent the danger index from increasing. 

Fig.7 shows a tip path calculated by the new method. 
The tip of the manipulator approaches from (80,1001[cm ] 
to (0,201[cm], the allowable danger index is 0.6, and the 
travel time is 3[s]. As a result, safe tip path, for which 
maximum danger index is 0.592, is obtained. 
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Fig.T Optimized result of minimizing the sum of danger 
index considered allowable danger index 
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Fig.8 Optimized approaching path started from several 
points 
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This method enables us to derive the optimized tip path 
from any point to the same goal. For example, we calcu- 
lated several tip paths from points A, B, C, D and E shown 
in Fig.8 to (0,20)[era], for the same travel time of 3Is]. The 
calculation starts from the allowable danger index is 0.5, 
and the index value is increased until a solution is obtained. 
The result is shown in Fig.8. Each maximum danger index 
(allowable danger index) is A: 0.610(0.62), B: 0.576(0.60), 
C: 0.596(0.60), D: 0.592(0.60) and E: 0.621(0.63). As a re- 
sult, we can obtain the optimized tip path from any point 
to goal and the allowable danger index. 

This method can solve the relationship between travel 
time and minimum allowable danger index. The obtained 
relationship is shown in Fig.9. This graph shows that the 
path of allowable danger index of i, which means the robot 
will always injure the human, requires 1.81[s] for work, so it 
is impossible to shorten the travel time. A path of allowable 
danger index 0.5 can cut the travel time to the limit 3.54[s]. 

Therefore, this method enables us to calculate not only 
safe motion but also a suitable travel time for the robot 
approaching close to the human. 

6 A p p l i c a t i o n  to  a mul t i - l ink  m a n i p u l a t o r  

We optimize the whole motion of a multi-link manipula- 
tor by using the new method, that is, minimizing the total 

Fig.ll Optimized approaching motion of a multi-link ma- 
nipulator, a human stays at (20,20)[cm] 
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Fig.12 Optimized approaching motion of a multi-link ma- 
nipulator, a human stays at (60,0)[cm I 
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velocity of a multi-link manipulator 

amount of danger index considering the allowable danger in- 
dex. The tip approaches 20[cm] in front of the human from 
point (80,100)[cm], and the travel time is 3[s]. The dan- 
ger of the approaching motion is evaluated by eq.(16), so 
we can obtain the optimized posture which is proportional 
to relative velocity and inversely proportional to distance. 
Each posture of a multi-link manipulator is given so that 
the danger index is minimum. 

Fig.10 shows the obtained approaching motion and veloc- 
ity of the tip when a human is stationed at (0,0)[cm]. The 
maximum danger index is 0.592, and the allowable danger 
index is 0.6. The approaching postures are as follows: first, 
the manipulator turns on the nearest joint from the base, 
and then keeps a distance between the human and itself by 
changing the turning joint as it approaches the human. For 
reference, Fig.10 shows the time-space danger chart that 
indicates the danger of the manipulator. The maximum 
danger index is 0.581, and all danger indexes are below the 
allowable one, so a safe obtain safe-optimized approaching 
motion is achieved. 

Next, we calculate the safe motion when a human is sta- 
tioned at (20,20)[cm]. The result is shown in Fig. l l .  The 
maximum danger index is 0.273, and the allowable danger 
index is 0.28. Comparing it with Fig.10, it achieves safety 
tip path and posture that avoid the human. 

Fig.12 shows the calculation result of safe motion when a 
human is stationed at (60,0)[am]. First, the tip joint moves, 
and then the whole part approaches the human by stoop- 
ing. The maximum danger index is 0.251, and the allowable 
danger index is 0.26. We can obtain a safe approaching mo- 
tion in which the relative velocity is small and the posture 
is kept away from the human. 

Finally, we examine calculation examples for reducing the 
travel time. Allowable danger indexes of a motion in Fig.12 
are changed from 0.26 to 0.50. The relationship between 
travel time and danger index is shown in Fig.13, and the 
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Fig.15 Special robot simulator for danger evaluation 

relationship between travel time and danger index is shown 
in Fig.14. If the travel time is half (l.5[s]), the tip velocity 
is speeded up, and the approaching motion can done at the 
allowable danger index 0.5. High-speed, high-safety motion 
can thus be realized. 

Therefore, safety-optimized motion for any relationship 
between a human and a robot is achieved. 

To make good use of the safety-optimizing method, we 
are now installing of it in our special robot simulator for 
danger evaluation (Fig.15)[2]. The robot simulator eval- 
uates the designs and controls of various robots three- 
dimensionally, so this installation enables us not only to 
optimize practical robots but also to obtain various safety- 
optimized human-care motion. 

7 Conclus ion  

In this paper, safety-optimizing method for human-care 
robot design and control was studied theoretically. A 
method of optimizing the safety design was proposed, and 
practical examples of optimizing the cost distribution were 
solved. We made a comparative study of two general safety 
control methods, minimizing the greatest danger index and 
minimizing the total amount of danger index. We then pro- 
posed a method of optimizing robot control and optimized 
the whole motion of a multi-link manipulator by minimiz- 
ing the total amount of danger index while considering the 
allowable danger index. 

This method allows us to assess the contribution of each 
safety strategy to the overall safety performance of human- 
care robots. 
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