
 Robotica (1997) volume 15 ,  pp 593 – 598 .  Printed in the United Kingdom  ÷   1997 Cambridge University Press

 Multi-legged walking machine body design
 S . J .  Zhang ,  D .  Howard ,  D . J .  Sanger and S .  Miao
 Machines , Kinematics and Robotics Group , Research Institute for Design , Manufacture and Marketing ,
 Uni y  ersity of Salford , Salford M 5   4 WT  ( UK )

 (Received in Final Form :  December 16 ,  1996)

 SUMMARY
 The ef fects of body geometry on walking machine
 performance have been investigated ,  and a body design
 procedure proposed .  The relationships between static
 workspace ,  body-geometry and installed joint torques
 have been derived .  A body design procedure that uses
 this data is then described ,  and two design examples
 discussed .  The procedure results in a body geometry
 which minimises the installed joint torques ,  and hence
 the machine weight ,  for the desired workspace area .

 KEYWORDS :  Walking machine ;  Multi-legged ;  Body design ;
 Static workplace .

 1  INTRODUCTION
 There have been many publications on the study of
 walking machines .  But much of the work has
 concentrated on navigation ,  gait generation and
 control . 1 – 3  When prototypes have been developed it has
 been assumed that the enabling technologies are in place
 and the problem is one of applying them .  In practice this
 is far from the truth ,  as the abysmal performance of
 existing prototypes testifies .  There has been little work
 on the fundamentals of walking machine design and the
 emphasis has been on the leg mechanisms without
 considering the ef fect of the body geometry on machine
 performance . 4 – 7

 This paper focuses on the mechanical design of
 multi-legged walking machines ,  and in particular on the
 design of body geometry .  Mechanical design includes
 body geometry design ,  leg mechanism design ,  and joint
 strength distribution (actuator sizing) .  The design of
 body geometry is closely linked to joint strength
 distribution ,  and leads to a leg specification ,  which can be
 used as the starting point for leg mechanism design .
 Important performance measures for multi-legged
 walking machines include power to weight ratio ;
 ef ficiency ;  body and foot workspaces (reachable areas)
 and stability .  Two parameters that have a very direct
 ef fect on these measures are machine weight and
 workspace .  In other words ,  for a given total load
 (machine weight plus payload) ,  a design that is light and
 has a large workspace is likely to perform well in all
 respects .  A machine’s weight is directly related to the
 strength of the installed joint actuators ;  therefore in this
 paper the performance measures adopted will be the
 installed joint torques and workspace area .  In this

 context ,  the workspace is the range over which a
 reference point on the machine’s body (usually the cg)
 can be moved without violating a kinematic or static
 constraint .  The workspace is generally limited to two
 dimensions by assuming that the machine remains at
 constant height and parallel to the ground .

 In previous work the focus has been on leg mechanism
 design without considering the relationships between leg
 design and body design .  Nothing has been published on
 the ef fect of body geometry on the installed joint
 torques ,  and hence on the performance of machines .  If
 the design procedure is to include both leg and body
 design ,  two approaches can be envisaged .  Either body
 and leg design are treated as a single problem ,  or they
 are treated as separate problems and tackled sequen-
 tially .  In the former case ,  all of the body and leg design
 parameters are considered together .  The advantage of
 this approach is that a truly optimal design could be
 sought .  However ,  the sheer number of parameters and
 the dif ficulty of defining a sensible objective function
 make this approach rather impractical .

 In this paper ,  the second approach has been adopted ,
 that is the body design problem has been decoupled from
 the leg design problem .  The proposed procedure
 considers body design first by treating the legs as ‘‘black
 boxes’’ .  In other words ,  the capability of the legs to
 support the body is defined without specifying the actual
 design .  When treated as a ‘‘black box’’ ,  a leg can be
 specified by defining : —
 a)  the compressive force it can support along the axis

 joining the leg-body attachment point (hip) and the
 foot

 b)  the hip torque it can support ,  that is ,  the installed
 joint torques at the hip .

 c)  the nominal position of the foot relative to the hip ,
 i . e .,  the centre of the foot’s kinematic workspace .

 d)  the kinematic workspace of the foot
 The installed torque at the knee joint or its equivalent

 is not defined as it depends upon the particular leg
 design .

 So the body design problem becomes one of finding
 the body geometry and ‘‘black box’’ leg specification that
 give the best machine performance .  As explained earlier ,
 in this paper the performance measures will be static
 workspace area and installed hip-joint torques (a
 surrogate for machine weight) .  To simplify the design
 problem ,  the following assumptions and definitions are
 made :
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 a)  The ‘‘installed joint torque’’ is defined to be the
 maximum resultant torque available at the hip joints ;
 no limit is imposed on leg compression .  Although the
 machine weight will also be a function of the leg’s
 compressive strength ,  this is highly dependent on the
 particular leg design .  Fortunately ,  if hip strength is
 reduced whilst neglecting knee strength ,  this reduces
 the size and weight of two actuators at the expense of
 one .  Also ,  the knee strength and hence leg weight can
 be considered at the leg design stage ,  as are the
 kinematic constraints .

 b)  There are no kinematic constraints on the body’s
 workspace .  The implication of this is that the required
 leg kinematic workspace will be determined by the
 body design and is achievable .

 c)  The body geometry is defined by a single parameter ,
 the foot-body ratio ,  denoted by  h k .  The foot – body
 ratio is defined to be the ratio of the hip location to
 the foot location when the machine is in its centre
 position ,  that is when the hip and foot location
 polygons are concentric .  This definition assumes that
 the hip and foot location polygons are similar in
 shape ,  one being a scaled version of the other ,  and
 that the hip and foot locations are measured from the
 centre of both polygons .

 In the following sections :  the relationships between
 workspace ,  installed joint torque ,  and the foot – body
 ratio are established ;  and a body design procedure is
 proposed based on those relationships .  The workspaces
 are determined using existing procedures developed by
 the authors . 8  What is new in this paper is the body design
 study itself and in particular the ef fect of foot – body ratio
 on machine performance .

 2 .  WORKSPACE DETERMINATION
 This section describes the procedure used for static
 workspace determination .  The static workspace of the
 body is constrained by both environmental and
 mechanical design constraints .  The environmental
 constraints limit the ground reactions at the feet ,  the
 normal ground reaction must be compressive and the
 tangential ground reaction must not cause foot slip .  The
 mechanical-design constraints are ,  for statics purposes ,
 the installed joint torques .  Little has been published on
 the static workspaces of limbed vehicles .  The authors
 have studied the static workspace of a walker designed
 based on the insect leg and the stewart platform . 9

 But ,  the static workspace investigation method pro-
 posed in reference 9 is limited to a statically deter-
 minate walker .  Because most multi-legged walking
 machines are statically indeterminate ,  dif ferent ground
 force decomposition methods lead to dif ferent joint
 torques and hence various sizes and shapes of static
 workspace .

 So ,  to establish whether a given walker position is truly
 feasible it is necessary to identify whether any
 equilibrium solution exists that does not break the
 constraints .  In this way ,  the true (largest) workspace
 could be identified by searching the potential workspace ,

 and at each point searching the equilibrium solution
 space for a feasible solution .  This would have to be
 repeated for dif ferent values of installed joint torque to
 produce a family of workspaces .  It is apparent that the
 computation involved would be excessive .  Based on the
 method in reference 9 ,  the authros have proposed an
 alternative approach , 8  which is summarised below .  For
 the convenience of analysis ,  the following definitions are
 given : 8

 The tipping polygon  is the static workspace of the
 body obtained when only the tipping constraint is
 applied ,  that is ,  the normal ground reactions are
 constrained to be compressive .  The tipping polygon is
 the largest workspace possible for a machine that cannot
 grip the surface it walks over .  When the external wrench
 is the gravity force only ,  and the machine is moving over
 a horizontal surface ,  the tipping polygon coincides with
 the foot support polygon .  For a general external wrench ,
 the tipping polygon is the same size and shape as the
 support polygon but is of fset from it .  In this paper ,  the
 tipping polygon boundary is simply called  the tipping
 boundary .

 The maximum joint torque ,  M k c f  ,  is defined as the
 largest absolute value of the joint torques ,   m 1  ,  .  .  .  ,  m N  ,
 of the  N  legs on the ground ,  for one of the equilibrium
 solutions for one particular geometrical configuration
 of the machine .   M k c f  5  max  h abs  ( m 1 ) ,  .  .  .  ,  abs  ( m N ) j ,
 where :   k  5  1  ?  ?  ?  N k   corresponds to one set of the design
 parameters ,  and  N k   is the number of all possible sets ;
 c  5  1  ?  ?  ?  N c   corresponds to one geometrical configura-
 tion ,  where  N c   is the number of all possible
 configurations ;   f  5  1  ?  ?  ?  N f   corresponds to one equilib-
 rium solution ,  where  N f   is the number of possible
 solutions for a given geometrical configuration .

 The minimised joint torque ,  M k c  ,  is defined as the
 minimum value of the maximum joint torque for a given
 geometrical configuration of the machine ,   M k c  5
 min  h M k c 1  ,  .  .  .  ,  M kcN f

 j .  In other words ,  it corresponds to
 the optimum equilibrium solution .

 The installed joint torque ,  M k  ,  is defined as the
 maximum of the minimised joint torques for all required
 geometrical configurations for a given set of design
 parameters ,   M k  5  max  h M k 1  ,  .  .  .  ,  M kN c

 j .  It is the joint
 torque required to achieve the desired workspace .

 The optimum installed joint torque ,  M m i n ,  is defined as
 the minimum value of the installed joint torques for all
 possible sets of the design parameters ,   M m i n  5
 min  h M 1  ,  .  .  .  ,  M N k

 j .  In other words ,  it corresponds to the
 optimum design .

 A grid of points is selected that covers the potential
 workspace and at each point the installed joint torque is
 found that would make that point a limiting position ,  i . e .,
 on a workspace boundary .  This is the minimised joint
 torque ,   M k c  ,  as defined above .  So a grid of data points is
 produced ,  each one having a minimised joint torque
 associated with it .  Intermediate points for other
 minimised joint torques can be obtained by interpolation ,
 and the resulting data used to construct a set of
 workspaces .  This procedure reduces the amount of
 computation required substantially because the potential
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 workspace is covered once only and the grid of points
 need not be closely spaced .

 The grid of points should include the boundary of the
 machine tipping polygon .  This workspace is important
 because it is the maximum possible for a machine that
 cannot grip the surface it walks over .  In addition ,  a
 reasonable spread of points is required inside the tipping
 polygon so that the much smaller workspaces ,  corres-
 ponding to low joint strengths ,  can be constructed .

 In this paper ,  a walking machine supported by three
 legs is used as the example because many multi-legged
 walkers have either four or six legs and the popular gaits
 are the wave gait for the quadrupeds and the alternating
 tripod gait for the hexapods .  The body is supported by
 three legs during the key phases of these two gaits .  In
 this case ,  for a general wrench ,  a 3 dimensional
 equilibrium solution space must be searched to find the
 minimised joint torque at each point .

 To provide an illustrative example of the methodology
 with less computational ef fort ,  the following assumptions
 were made .
 (i)  The machine is supported by three legs ,  as is often

 the case for quadrupeds and hexapods .
 (ii)  The foot support polygon is an equilateral triangle .

 This considerably eases the burden of computation
 whilst still providing a realistic example .

 (iii)  The machine is standing on a horizontal surface and
 the external wrench is the gravity force ,   W b  5
 [0 ,  0 ,  2 100 ,  0 ,  0 ,  0] T .  In other words ,  the total load
 (payload plus machine weight) is 100  N .

 (iv)  The frictional coef ficient between the foot and the
 ground is  m  5  0 . 7 ;

 (v)  The height of the machine is 180  (mm) ,  the position
 vectors of feet 1 ,  2 and 3 in the earth frame are
 r s 1  5  [115 . 45 ,  2 200 ,  0] T   (mm) ,   r s 2  5  [115 . 45 ,  200 ,  0] T

 (mm) and  r s 3  5  [ 2 230 . 9 ,  0 ,  0] T   (mm) as shown in
 Figure 1 .

 The resulting symmetry means that by finding
 solutions along just one tipping boundary and one centre
 line ,  suf ficient grid points are generated to construct
 approximate workspaces ,  as shown in Figure 1 .

 Figures 2 and 3 show the minimised joint torque along
 the centre line and tipping boundary respectively ,  for

 Fig .  1 .  Equilateral foot support triangle of the numerical
 example .

 Fig .  2 .  Minimised joint torque along centre line ( C  5  G ) .

 eleven dif ferent foot-body ratios .  For given foot
 positions ,  when  h k   is zero the body size is zero ;  when  h k

 is one ,  the body is identical to the foot support polygon ,
 that means that ,  on a horizontal surface ,  the legs are
 vertical when the body is in its centre position .

 As Figures 2 and 3 apply to all three centre lines and
 all three tipping boundaries ,  they provide suf ficient data
 to construct the approximate static workspace as follows :
 (i)  Select an installed joint torque ,   M k  ,  and a foot-body

 ratio  h k ;
 (ii)  Find the displacements on both the  M k c  ,  y e b   and

 M k c  ,  x e b   curves ,  which correspond to the installed
 joint torque ;

 (iii)  Determine the co-ordinates of the vertices of the
 static workspace using the displacements found in
 step 2 ;

 (iv)  Draw the static workspace using the co-ordinates
 determined in step 3 .

 Unfortunately ,  this is not adequate for smaller

 Fig .  3 .  Minimised joint torque along the tipping boundary
 ( A  5  B ) .
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 foot-body ratios because of the complex workspace
 shape .  Therefore ,  in these cases additional grid points ,
 not covered by Figures 2 and 3 ,  are required .

 3 .  THE RELATIONSHIPS BETWEEN STATIC
 WORKSPACE , FOOT-BODY RATIO AND
 INSTALLED JOINT TORQUE
 The static workspaces for the example machine ,  as
 defined in section 2 ,  are shown in Figures 4 – 7 for four
 dif ferent foot-body ratios ,   h k  5  1 (full body geometry) ,
 0 . 6 (medium body geometry) ,  0 . 15 (small body
 geometry) and 0 (zero body geometry) .  In the figures ,
 the full triangle represents the maximum possible
 workspace ,  that is the static workspace due to the tipping
 constraint (compressive normal ground reactions) ;  the
 other polygons represent the workspaces due to the foot
 slip constraints and the installed joint torque constraints .

 Referring to Figures 2 and 3 ,  it can be seen that there
 are local maxima in one or both of the  M k c   curves when
 h k  ,  0 . 45 .  This means that if the installed joint torque is
 reduced below a critical level ,  the workspace may consist
 of several separate parts ,  as shown in Figure 7(B) .  In this
 paper ,  we assume that only the central workspace is of
 practical value ,  that is ,  the workspace that includes the
 geometric centre of the tipping polygon .  For example ,  in
 Figure 7(B) the quoted workspace area would not
 include the three secondary workspaces at the corners .  In
 Figures 4 – 6 and 7(A) only the useful (central)
 workspaces are shown as this makes the figures easier to
 interpret .

 For convenience we define the following torques :  the
 maximum installed joint torque ,   M k  max ,  is the value
 when the workspace just coincides with the tipping
 polygon ;  the minimum installed joint torque ,   M k  min ,  is
 the critical value below which there is no central
 workspace that includes the centre of the tipping
 polygon .  Thus ,  referring to Figure 6 ,   M k  min  5  2 . 35  Nm
 and  M k  max  5  3 . 87  Nm for  h k  5  0 . 15 .

 From Figures 2 – 6 ,  it can be seen that

 Fig .  4 .  Static workspaces for dif ferent installed joint torques
 and  h k  5  1 .

 Fig .  5 .  Static workspaces for dif ferent installed joint torques
 and  h k  5  0 . 6 .

 (i)  The dif ference between  M k  max  and  M k  max  reduces
 as the foot body ratio is reduced (Figures 4 – 6) .

 (ii)  The maximum installed joint torque ,   M k  max ,  is
 greatest when  h k  5  1 ( M k  max  5  23  Nm) ;  reduces to
 M k  max  5  3 . 87  Nm when  h k  <  0 . 15 ;  and increases
 again to  M k  max  5  4 . 81  Nm when  h k  5  0 .  It is
 apparent from this that ,  if a static workspace equal
 to the tipping polygon is desired ,  then a small foot
 body ratio ( h k  <  0 . 15) should be adopted .

 (iii)  For the large foot-body ratios ,  as the installed joint
 torque is reduced from  M k  max  to  M k  min ,  workspace
 is lost at the three corners of the tipping polygon .

 Using Figures 4 – 7 the relationships between installed
 joint torque ,   M k  ,  workspace area ,   A p  ,  and foot-body
 ratio ,   h k  ,  can be obtained (Figure 8) .  Workspace area is
 given as a percentage of the tipping polygon area .  The
 dotted lines are obtained if the total workspace area
 including secondary workspaces is plotted ,  while the
 solid lines correspond to the central workspace only ,  and
 are the basis for what follows .  Figure 9 shows the
 projection of Figure 8 onto the  M k  ,  A p   plane .  Figure 10
 is a contour plot of  M k  ,  with  A p   and  h k   as the axes .

 Fig .  6 .  Static workspaces for dif ferent installed joint torques
 and  h k  5  0 . 15 .
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 Fig .  7 .  Static workspaces for dif ferent installed joint torques and zero body size ,   h k  5  0 .

 4 .  BODY DESIGN
 In this section ,  the use of Figures 8 to 10 for body design
 is discussed and a design procedure proposed .  As
 explained earlier ,  in this context ,  body design is taken to
 mean the selection of an appropriate foot-body ratio and
 the corresponding leg specification .  The leg specification
 depends on the installed hip-joint torque and body static
 workspace .  Given these ,  the required compressive
 strength of the leg and the required kinematic workspace
 of the foot can then be determined .

 To demonstrate the use of Figures 8 to 10 ,  two
 extreme design requirements are considered .  Firstly ,
 consider a machine that need not move quickly or be
 particularly agile ,  but must have a good payload
 capability .  In this case ,  reducing installed joint torque
 and hence machine weight for a given total load is more
 important than achieving a large workspace .  By
 accepting a workspace are that is only 20% of the tipping
 polygon ( A p  5  20%) ,  it is possible to reduce the installed
 hip-joint torque to approximately 2 . 38  Nm (Point A on
 Figure 10) by selecting a foot-body ratio of  h k  <  0 . 4 .

 Secondly ,  consider a machine that must be agile and

 Fig .  8 .  M k  ,  A p  ,  h k   plot ,   z a b  5  180  mm ,   W b  5  [0 ,  0 ,  2 100 ,
 0 ,  0 ,  0] T .

 fast .  For this reason it is decided that the full tipping
 polygon must be available ( A p  5  100%) .  In this case ,  the
 optimum foot-body ratio ,  that minimises installed joint
 torque ,  is  h k  <  0 . 15 (point B on Figure 10) ;  the
 corresponding installed joint torque is 3 . 87  Nm .

 Referring to Figure 9 ,  it is apparent that substantial
 reductions in installed joint torque (machine weight) can
 be obtained by relatively small reductions in workspace
 area for some foot-body ratios .  This means that even
 when agility is required ,  it may be better to accept less
 than  A p  5  100% .  For example ,  when  h k  <  0 . 4 ,  by
 accepting  A p  5  90% ,  the installed joint torque can be
 reduced by 33% from 8 . 66 to 5 . 77  Nm (Points C and D
 on Figure 10) .  The larger the foot-body ratio ,  the more
 the reduction of the installed joint torque .  When  h k  <  1 ,
 by accepting  A p  5  90% ,  the installed joint torque can be
 reduced by 45% from 23  Nm to 12 . 5  Nm (Points E and F
 on Figure 10) .

 From the above discussion it is possible to envisage a

 Fig .  9 .  M k  ,  A p   for dif ferent  h k   plot ,   z e b  5  180  mm ,   W b  5
 [0 ,  0 ,  2 100 ,  0 ,  0] T .
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 Fig .  10 .  M k   contour plot with  A p   and  h k   as axes ,   z e b  5  180  mm ,
 W b  5  [0 ,  0 ,  2 100 ,  0 ,  0] T .

 design procedure based on Figures 8 to 10 ;  in broad
 terms this would include the following steps ;
 (i)  From consideration of the basic design requirements

 (payload capability ,  agility ,  speed etc . ) ,  make an
 initial choice of workspace area ,   A p .

 (ii)  From the figures establish the optimum foot-body
 ratio that minimises the installed joint torque
 (machine weight) .

 (iii)  Study the sensitivity of the installed joint torque to
 changes in  A p .  If significant reductions are possible
 without losing too much workspace ,  then repeats
 steps 1 and 2 .

 (iv)  Having estabished a desired workspace area ,   A p  ,
 and the corresponding foot – body ratio and installed
 hip-joint torque ,  derive the remaining leg specifica-
 tion parameters .

 5 .  CONCLUSIONS
 This paper has discussed the ef fects of body geometry on
 the performance of walking machines ,  and proposed a
 body design procedure .  Firstly ,  the relationships between
 static workspace ,  foot – body ratio and installed joint
 torque were derived ;  this was done for a particular
 example ,  however ,  it is believed that the results are
 representative of the general case .  Secondly ,  a design
 procedure is proposed that uses these relationships to
 select an optimal foot – body ratio for the chosen
 application .  This also provides enough information to
 completely define the required leg specification ,  that can
 then be used as the basis for the leg mechanism design .

 Two design examples are discussed :  a machine that
 need not move quickly or be particularly agile ,  but must
 have a good payload capability ;  and a machine that must
 be agile and fast .  In both cases possible design points are
 identified (points A and B on Figure 10) .  It is apparent

 that a significant reduction in installed joint torque ,  and
 hence machine weight ,  can be obtained by the proper
 selection of foot – body ratio ,   h k   and static workspace
 area .

 The data presented here is based on the example
 defined at the end of section 2 .  Although this is suf ficient
 to demonstrate the proposed design procedure ,  it is also
 necessary to investigate the ef fects of changes in machine
 geometry other than foot – body ratio ;  changes in the
 external wrench ;  and changes in the foot – ground friction
 coef ficient .  The results of current work in these areas are
 shortly to be published .  Preliminary results indicate that
 increasing the height of the machine allows the installed
 joint torques to be reduced (for the vertical gravity
 wrench) .  This is to be expected ,  because the increased
 moment arm means that varying the tangential ground
 reactions has a greater ef fect on the installed joint
 torques .  In practice the height will be limited by other
 constraints ,  probably related to the leg mechanism
 design .  The authors have also shown that although
 changing the external wrench ,  or the foot-ground friction
 coef ficient ,  does change the results ,  the best machine
 geometry is likely to be similar to that indicated by the
 data presented in this paper .
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